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ABSTRACT

POLYSTYRENE / BORON NITRIDE NANOTUBE COMPOSITES:
SYNTHESIS, PROCESSING AND CHARACTERIZATION

Balik, Erdem

M.S., Department of Chemical Engineering
Supervisor: Prof. Dr. Goknur Bayram

Co-Supervisor: Assoc. Prof. Dr. Naime Asli Sezgi

January 2015, 177 pages

In recent years, boron nitride nanotubes (BNNTSs) have been added to polystyrene
(PS) which is a widely used thermoplastic polymer in order to improve its thermal
and mechanical properties. Solution mixing and melt blending techniques are
commonly used methods to prepare polymer-boron nitride nanotube (BNNT)
composites. However, these two composite preparation methods have a common

problem about the dispersion of fillers in the polymer matrix.

In this study, PS-BNNT composites were prepared using masterbatch with extrusion
method at 0.5, 1, and 3 wt % BNNT loadings in order to disperse the nanotubes in
the polymer matrix homogeneously. The composites with 0.5 wt% BNNTs were also
obtained from in-situ polymerization and extrusion method, separately. Neat PS and
all the composites were characterized in terms of their morphology, mechanical and

thermal properties.

PS was synthesized using solution and bulk polymerization techniques. The effect of

polymerization time and initiator concentration in bulk polymerization on the



molecular weight of PS was studied in order to find the best synthesis conditions for
PS production. The best synthesis conditions were determined as a polymerization
reaction time of 3 hrs, an initiator concentration of 0.01 mol/L and a reaction
temperature of 95 °C. Fourier Transform Infrared (FTIR), X-ray diffraction (XRD),
viscosity average molecular weight (M,), Melt Flow Index (MFI) and Gel
Permeation Chromatography (GPC) characterization methods were used to compare
the properties of synthesized PS with commercial PS. The results of all the
characterization methods revealed that PS was successfully synthesized and its
molecular weight was close to that of commercial PS.

BNNTs used in the polymer composite were successfully synthesized from the
reaction of ammonia gas with a powder mixture of elemental boron and iron oxide.

The formation of hexagonal boron nitride was proved by XRD analysis.

Results of SEM analyses indicated that the nanotubes were dispersed homogeneously
for the composites with 0.5 wt% BNNTSs prepared by masterbatch with extrusion
method. The tensile and impact strengths of these composites were improved
remarkably with respect to neat polymer and the composites prepared using the other
methods. The agglomeration of BNNTSs in the polymer matrix increased with an

increase in BNNT addition.

Differential Scanning Calorimetry analysis showed that the glass transition
temperature of the composites prepared by masterbatch with extrusion method was
decreased with respect to the synthesized PS. Also, no significant change in terms of
glass transition temperature of the composites was observed with the addition of
BNNTs. Thermal gravimetric analysis (TGA) of the composites prepared by
masterbatch with extrusion method showed that the thermal stability of composites

remained unchanged with the addition of BNNTSs.

Keywords: Bulk Polymerization, Polystyrene, Boron Nitride Nanotubes, In-situ

polymerization, Composite.
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POLISTIREN / BOR NITRUR NANOTUP KOMPOZITLERI:
SENTEZI, PROSESI VE KARAKTERIZASYONU

Balik, Erdem

Yiiksek Lisans, Kimya Miihendisligi
Tez Yoneticisi: Prof. Dr. Goknur Bayram

Ortak Tez Yoneticisi: Assoc. Prof. Dr. Naime Asli Sezgi

Ocak 2015, 177 sayfa

Son yillarda bor nitriir nanotiipler (BNNTs), mekanik ve termal Ozellikleri
gelistirmek i¢in yaygin olarak kullanilan bir termoplastik polimer olan polistiren’e
(PS) eklenmektedir. Cozelti iginde ve eriyik halde karistirma metotlar1t PS-BNNT
kompozitlerinin hazirlanmasinda sik¢a kullanilmaktadir. Fakat, bu iki hazirlama
metodunun ortak problemi, dolgu malzemesinin polimer matriksi igerisinde

dagilmasidir.

Bu ¢alismada, PS-BNNT kompozitleri agirlik¢a % 0,5, 1 ve 3 BNNT oranlarindaki
nanotiipleri polimer matriks igerisinde homojen olarak dagitmak amaciyla, yogun
bilesimli karisim ve sonrasinda eriyik halde karistrma metoduyla hazirlanmastir.
Ayrica, agirlik¢a % 0,5 BNNT iceren kompozitler yerinde polimerizasyon ve
ekstriizyon metotlarindan ayr1 ayri1 elde edilmistir. Saf PS’in ve biitiin kompozitlerin

morfoloji, mekanik ve termal 6zellikler agisindan karakterizyonu yapilmistir.

Polistiren ¢6zelti ve yigin polimerizasyon yontemleri kullanilarak sentezlenmistir.
Polistiren iiretiminde en iyi sentez kosullarini bulmak i¢in, yigin polimerizasyon

zamaninin ve baglatict konsantrasyonun molekiil agirligi {izerindeki etkisi
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caligilmistir. En iyi sentez kosullari; 3 saatlik polimerizasyon reaksiyon zamani, 0,01
mol/L’lik baslatici konsantrasyonu ve 95 °C’lik reaksiyon sicakligi olarak
belirlenmistir. Fourier Transform Infrared (FTIR), X-ismi1 kirmim 6lgiimii (XRD),
viskozite ortalama molekiil agirligi 6l¢imii (My), akis indeksi (MFI) ve biiyiikliikk¢e
ayirma kromatografisi (GPC) gibi karakterizasyon metotlari, sentezlenen PS’nin
Ozelliklerinin ticari PS ile karsilastirilmasi i¢in kullanilmistir. Biitiin karakterizasyon
yontemlerinin sonuglari, polistirenin basarili bir sekilde sentezlendigini ve molekiil

agirliginin ticari PS’nin molekiil agirhigina yakin oldugunu gostermistir.

Polimer kompozitlerinde kullanilan bor nitriir nanotiipler amonyak gazmnin bor ve
demir oksit toz karisimiyla tepkimeye girmesi sonucunda basarili bir sekilde

sentezlenmistir. XRD analizi ile hekzagonal bor nitriiriin olugtugu ispatlanmistir.

SEM analiz sonuclari, yogun bilesimli karisim (Masterbatch) ve sonrasinda eriyik
halde karistirma metodu kullanilarak hazirlanan, agirlikca %0,5 BNNT iceren
kompozitlerde bor nitriiriin homojen bir sekilde dagildigini ortaya koymustur. Bu
kompozitlerin gekme ve darbe dayanimi saf polimere ve farkli metotlar ile hazirlanan
kompozitlere gore ciddi bir artis gostermistir. Daha yliksek oranda BNNT

eklenmesinde, bor nitriirlerin polimer matriksi igerisinde kiimelenmeleri artmistir.

Diferansiyel Taramali Kalorimetre analizleri, yogun bilesimli karisim ve sonrasinda
eriyik halde karistrma metodu kullanilarak hazirlanan kompozitlerin camsi gegis
sicakliklarinin sentezlenen PS’e gore azaldigmi gostermistir. Ayrica, bor nitriir
nanotiip oranmi artikca, kompozitlerin cams1 gecis sicakligi degerlerinde 6nemli bir
artis olmadig1 gézlemlenmistir. Yogun bilesimli karigim ve sonrasinda eriyik halde
karistrma metodu kullanilarak hazirlanan PS-BNNT kompozitlerinin  termal
gravimetrik analizi (TGA), bor nitriir nanotiip orani arttikca kompozitlerin 1sil

dayanimimin sabit kaldigin1 géstermistir.

Anahtar Kelimeler: Yigin Polimerizasyon, Polistiren, Bor Nitriir Nanotiipler,

Yerinde Polimerizasyon, Kompozit.
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CHAPTER 1

INTRODUCTION

A composite material is the combination of two or more materials to obtain a new
material with unique properties. The history of composites dates back to 1940’s to
solve technological problems for a long time. However, in the 1960’s the attention
has been turned into polymeric based composites for various applications such as
automotive components, consumer goods and aerospace parts [1].

The composites can be divided into three categories such as metals, ceramic and
polymer. Today polymer based composites are widely preferred due to extensive
properties offered by polymeric materials. Polymers are commonly used as a main
matrix because of light weight, easy production and often ductile nature. On the other
hand, polymers have lower modulus and strength relative to metals and ceramics. In
order to improve their mechanical, thermal or electrical properties, polymeric
materials have been filled with reinforcements which are in the form of fibers,

whiskers or platelets [2].

Nanotechnology is one of the most popular areas for technological development in
the 21% century. Nanocomposite technology is a prominent branch of material
science. The nano-sized reinforcements are described as at least one dimension of

those fillers in the nanometer (10°°) range [3].

Manufacturing of polymer nanocomposites has been started in the early 1980s.
Composite from Nylon 6 and nanostructure clay was firstly developed by researchers
of Toyota Central Research laboratories in 1986 [4]. Today, nanocomposite
technology is appropriate for all polymer types from thermoset to thermoplastics.
Layered silicates and carbon nanotubes are the most investigated nanoparticles in the

development of polymer nanocomposite field [3].



Carbon nanotubes (CNTSs) are basically defined as rolled-up sheets of graphite which
have dimensions in nanometer range. Since the discovery of carbon nanotubes by
lijima in 1991 [5], many investigators have worked on the preparation of CNT based
composite materials because CNTs provide great improvement in the physical
properties of polymer [6]. In polymer nanocomposite field, boron nitride nanotubes
(BNNTS) are the another type of nanotubes that have been used as a filler in polymer

matrix.

BNNTs were firstly synthesized using arc-discharge method in 1995. The inner
diameters of synthesized boron nitride nanotubes are on the order of 1 to 3
nanometers and the lengths of BNNTSs are up to 200 nanometers. BNNTs containing
boron and nitrogen atoms have similar nanostructure with CNTs [7]. In addition to
that, thermal and mechanical properties of BNNTSs are similar to those of CNTs. On
the other hand, BNNTs show the significant resistance to thermal oxidation rather
than CNTs at high temperatures [8]. BNNTs have a constant and wide band gap
which indicates electrically isolating property [9]. Therefore, BNNTSs are expected to
be good candidate to fabricate polymer composite because of their unique properties.
Many studies have been conducted to synthesize BNNTs due to their great
mechanical and thermal properties. However, remarkable effort has been made to
purify the as-synthesized BNNTSs that always contain impurities coming from their

synthesis.

There have been many studies about polymer-BNNT nanocomposites over the last
years. The effects on BNNT addition into polymer matrix have been investigated
through thermal and mechanical properties of BNNT-reinforced composites [10, 11,
12, 13, 14]. Most of studies have been conducted using solution-mixing with
evaporation techniques and melt mixing method in order to fabricate the polymer-
BNNT composites [10, 11, 12, 13, 14]. Solution mixing method is a good approach
for research purpose. In this technique, the composites are prepared by dispersion of
nanotubes into polymer matrix using appropriate solvent. Melt mixing is a common
use method especially in industry due to its easy of processing and environmentally

friendly. Based on the scientific studies, the homogeneous dispersion of fillers



throughout the polymer matrix had not been achieved even if both solution mixing

and melt mixing method were used.

The objective of this study is to introduce a new approach which is the preparation of
polystyrene (PS)-BNNTSs nanocomposites with the help of in-situ polymerization and
then use them in melt mixing method. Before preparing masterbatch, PS was
synthesized using two different polymerization techniques: solution and bulk
polymerization and then characterized by Fourier Transform Infrared (FTIR)
spectroscopy, viscosity average molecular weight (M,), Gel Permeation
Chromatography (GPC) and Melt Flow Index (MFI). The second aim is to synthesize
PS having same structure, molecular weight, morphology, mechanical and thermal
properties with commercial PS. Production of BNNTs was carried out through
ammonia gas with a powder mixture of boron and iron oxide. Synthesized BNNTSs
were also purified before being used in the polymer composites. The purified
material was characterized by X-Ray Diffraction (XRD), surface area measurement
and Scanning Electron Microscopy (SEM) analyses. A concentrated mixture of PS-
BNNTs (Masterbatch) was first prepared by polymerizing styrene monomer
containing a high amount of BNNTs loading. Masterbatch was mixed with
commercial PS at different desired compositions using a twin-screw extruder. Melt
blending and in-situ polymerization methods were also applied separately for the
fabrication of the polymer nanocomposites at a selected composition. The properties
of the composites with the same BNNTs loadings, which are prepared by three
different methods; namely melt mixing, in-situ polymerization, and masterbatch with
extrusion were compared with one another. Before characterization, all of specimens
were prepared using injection molding machine according to standards of test

methods.

For the characterization of the composites, SEM analyses were used to investigate
the dispersion of the fillers within the polymer matrix. Tensile and impact tests were
performed to determine the effect of BNNT loading on the mechanical properties of
neat PS. Differential scanning calorimetry (DSC) and thermal gravimetric analysis

(TGA) were performed to investigate thermal behavior of the prepared composites.






CHAPTER 2

BACKGROUND

2.1 Composites

Basic definition of the word ‘“composite” is that combination of two or more
different parts [15]. In engineering manner, composite is a material created by
combining two or more materials. The constituents can combine at macroscopic level
but they are not soluble in each other. A typical composite material usually consists
of at least two different phases. One constituent is named as a continuous part or
matrix. The other one is reinforcing phase which is embedded in matrix. The material
of reinforcing phase should be in the form of fibers, particles or sheets [16]. The
main advantage of composite material is that, if well prepared, they usually show the
best qualities of their components or constituents. Several properties such as strength,
stiffness, fatigue life, temperature dependent-behavior, thermal insulation, and

conductivity can be improved by forming a composite material [17].

2.1.1 Classification of Composites

Composites can be classified according to matrix materials which are metals,
ceramics and polymers. Metal matrix composite consists of continuous metallic
matrix with reinforcement. Reinforced metal matrix composite has some advantages
relative to their matrix. Addition of reinforcement improves the stiffness, hardness,
wear resistance, and thermal conductivity with reducing thermal expansion of
materials [18]. For ceramic matrix composites (CMCs), ceramic fibers are embedded
in a ceramic matrix. The most important advantage of CMCs compared to metal
based matrix is that they have a extremely smaller density which is important for
many applications and a much higher processing temperature [19]. This study gives

broad information about polymer matrix composites.
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2.1.2 Polymer Matrix Composites (PMCs)

A polymer is a long-chain molecule which is composed of repeating identical
structure units. Carbon, hydrogen and other nonmetallic elements are the main
organic compounds of polymers. All polymers can be divided into two main groups
that are thermoplastics and thermosets. Both types of polymers can be used as a
matrix in composite preparation. Thermoplastics are polymers that would be heat
softenable and meltable in order to process into a desired shape. When cooled again,
they can reversibly regain their solid state form. Thermosetting polymers are
crosslinked networks where chains have been chemically linked by covalent bonds
during synthesis [20]. When they are heated, curing reaction is occurred. Further
heating of these types of polymer causes to degradation of polymer [21]. PMCs are
the combination of polymer matrix and reinforcing agent dispersed into polymer
phase. By the way, reinforcing agent is generally called as filler. Polymer matrix
composites are commonly used because of their low cost and easy fabrication

methods.

As compared to neat polymers, reinforced polymers offer some improvements in
terms of properties such as tensile strength, fracture toughness, stiffness, corrosion
resistance, thermal conductivity, temperature resistance, and flammability.
Properties, orientation and concentration of the fillers in polymer matrix and
properties of polymer matrix phase are the main factors to determine the properties
of PMCs [22].

2.2 Polymer Nanocomposites

The field of nanotechnology is the most promising area for current research and
developments in all disciplines [23]. Polymer-based nanocomposite materials have
become a notable area in nanotechnology and material research due to the increasing
availability and improvement of nanomaterials. They have been used in several
applications such as electronics, pharmaceuticals and through studies in material
science [23, 24, 25].



Nanocomposite is defined as two-phase material in which one of the phases is
dispersed in the second one at nanometer (10®) level [26]. In other words, two-phase
material consists of matrix phase and a reinforcing phase (filler). Matrix phase can be
metal, ceramic or polymer. The fillers are the nanostructure materials that have to be
at least one dimension in nanometer range [2]. Due to its structure, the fillers can be
expressed as nanofillers in the preparation of nanocomposites.

Polymeric nanocomposites are mainly polymers that have been filled with low level
of nanofillers. Either thermoplastic or thermosetting materials can be used as
polymer matrix. Different types of nanofillers such as nanotubes, fibers, whiskers
can be chosen as reinforcement in the composite according to the properties expected
in the final composite [3].

Nanocomposites can be distinguished in terms of how many dimensions of the
dispersed particles are in nanometer level. Isodimensional, two-dimensional and one-
dimensional are the main types of nanocomposites. Isodimensional nanocomposite
can be defined as three dimensions of nanoparticle which are in the order of
nanometers. Spherical silica nanoparticles are one of the commonly used materials of
this class. When two dimensions are in nanometer range and third one is in the range
larger than nanometer, it is identified as two-dimensional nanoparticle. It forms an
elongated structure like nanotubes, fibers or whiskers. Carbon nanotubes and
cellulose whiskers are the widely used materials of this group. One-dimensional
nanoparticles are expressed as only one dimension in nanometer scale. Graphites,
clays and layered silicates are some examples of this group [27]. These fillers are
used in polymer matrixes in order to produce stronger, tougher and lighter-weight
materials by considering the low cost and material availability. It is also an important
point that nanofillers enhance the properties of neat polymers remarkably at lower

filler loading rather than conventional fillers [24].

Based on Collister’s study [2001], some of the properties such as thermal endurance,
flame retardance, abrasion resistance, liquid and gas barrier, reduction in shrinkage
and residual loss, electrical, electronic and optical properties can be improved by

dispersion of nanofillers into the polymer matrixes [28].



Polymer-nanotube composites are the commonly studied polymeric nanocomposites
type for research purpose. Significant attention has been turned into nanotubes
because of their unique mechanical, thermal, chemical, and electrical properties.
Therefore, nanotubes have become preferable reinforcements to be used in polymer
matrixes. However, there are some problems about usage of polymer-nanotube
composites effectively. Large scale production of purified nanotubes and
dispersibility of nanotubes in polymer matrix can be considered as main difficulties
in the composite preparation [10]. Today, main intention in recent studies focuses on

these two main problems in polymer-nanotube composites.

2.3 Preparation of Polymer-Nanotube Composites

The process of polymer-nanotube composite preparation is significant for dispersing
nanotubes into the polymer matrix homogeneously. Several methods are known to
fabricate polymer nanocomposites. These are; solution dispersion, in-situ

polymerization and melt mixing (extrusion).

2.3.1 Solution Dispersion Method

Solution dispersion method is mainly focused on the dispersion of nanotubes within
a polymer matrix by using an adequate solvent. In this method, nanotubes are firstly
dispersed in the solvent and then polymer is formed in this mixture. The solution is
mixed in order to allocate the agglomerated nanotubes throughout the mixture. After
sonication is completed, composite is cast into glass plate and the solvent is removed
using evaporation technique. Composite film is peeled off from glass plate and then
pressed in order to give a final shape [10]. Figure 2.1 shows the flowchart of solution
dispersion method. It is commonly preferred method for researchers in order to

obtain homogeneously dispersed polymer-nanotube composites.



Polymer

or
MNanotubes
¥ 5 Dhispersion ¥ 5 Sonication
Solvent
Hot Pressing -— Pf-'t'hr_lg off -— Evaporation
composite film

|

Polymer-Nanotube
Composite

Figure 2.1 Preparation of polymer-nanotube composites using solution dispersion

method.

2.3.2 In-Situ Polymerization Method

Preparation of polymer-nanotube composites can be achieved by allocation of
nanotubes in the liquid monomer followed by polymerization. In this technique, the
nanotubes are dispersed into liqguid monomer or a monomer solution. Polymerization
can be initiated by suitable initiator, heat or radiation [28]. The polymer composites
containing allocated nanotubes inside polymer matrix are obtained by the end of the

polymerization. Figure 2.2 demonstrates the steps of in-situ polymerization method.
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Figure 2.2 Preparation of polymer-nanotube composites by means of in-situ
polymerization method.

2.3.3 Melt Mixing Method

Although solution dispersion method is a convenient technique for both nanotube
dispersion and composite preparation, it is completely inappropriate for many
polymer types which are insoluble in solvent. Therefore, melt mixing is a common
alternative method for mixing of nanotubes with polymers especially for
thermoplastic materials [29]. This route also refers to melt blending or mixing
through extrusion process. In melt mixing method, melted polymer is blended with
nanotubes or other additives in order to prepare polymer-nanotube composites.

Figure 2.3 illustrates the flowchart representation of melt mixing method.
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Figure 2.3 Preparation of polymer-nanotube composites with the help of melt

mixing method.
2.4 Properties and Synthesis of Polystyrene

2.4.1 Properties of Polystyrene

Polystyrene (PS) is one of the important materials of standard thermoplastic group
like polyethylene, polypropylene, and polyvinylchloride. Due to its unique
properties, polystyrene can be preferred in a wide range of applications [30].
Characteristic properties of polystyrene can be described in terms of its stiffness,
transparency, brittleness and being chemically inert and good electrical insulator. It
can be easily converted into desirable products by means of extrusion, injection
molding, blow molding, and thermoforming [31]. Polystyrene has excellent flow
characteristics leading to easy processing. These advantages can be meaningful with
its low cost property. Polystyrene is commercially available in three forms: General-
Purpose PS (also known as the crystal PS), high impact PS (HIPS) and expandable
PS [32].

Chemical structure of all commercial polystyrene is in atactic form where aromatic
ring of styrene monomer is randomly attached to chain [33]. The atactic form of
polystyrene prevents the crystallization. In other words, it is in an amorphous solid
structure at room temperature which is below its glass transition temperature [31].

Polystyrene with high refractive index make it favorable in optical applications. On
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the other hand, PS has several disadvantages, including its brittleness, low heat-
deflection temperature, and poor UV resistance.

The applications of polystyrene involve many areas such as transparent food
packaging, refrigerator and freezer equipment, housewares, electronics, appliances,
and furniture [32].

2.4.2 Polystyrene Synthesis

The kinetics of polymerization can be classified into two main groups which are
step-growth and chain-growth polymerizations [20]. Chain-growth polymerization is
generally preferred for polymer synthesis. Styrene which is also known as
vinylbenzene is a significant industrial unsaturated aromatic monomer.
Polymerization of styrene is the most important reaction of styrene monomer [30].
Polystyrene was first produced commercially by the Dow Chemical company in
1938. The first polymerization process was occurred by loading cans of styrene into
oven and allowing them to polymerize spontaneously to high conversion [34].
Today, several polymerization methods including free radical, cationic, anionic and
coordination polymerization are used to produce polystyrene. Free radical
polymerization is the most common technique used for producing polystyrene [31].
Initiation, propagation and termination are the main steps of free radical
polymerization. Initiation of active monomer and then propagation of this active
chain (free radical) by sequential addition monomers and finally termination of this
active chain in order to obtain the polymer are the important points of free radical

polymerization respectively [20].

Free radical polymerization is initiated by dissociation of the initiator to form radical
species. In order to generate radical species, free radical initiators such as organic
peroxides or azo compounds are thermally decomposed. The labile bonds of these
organic compounds can be broken by heat, UV visible light and y-irradiation.
Benzoyl peroxides and 2,2’-azobis(isobutyronitrile) (AIBN) are commonly used

initiators in free radical polymerization [20].
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The reaction mechanism of free radical polymerization is as follows; [21]
I"[—— 2R- (Reaction 2.1)

In the first step, the initiator (I~1) is dissociated to form free radical initiator species

denoted by R- (Reaction 2.1). It is also called as initiation step.
The formed free radical (R-) is attached to monomer molecule (M) (Reaction 2.2).
R-+M——> Py (Reaction 2.2)

P,- is the growing chain with 1 repeating unit. The chain propagates by adding
another monomer unit (Reaction 2.3).

Pi-+M — P, (Reaction 2.3)

The free radical still exists in the product of addition reaction (P.-). Another
monomer unit is added to propagating chains (Reaction 2.4).

P, + M——» P, (Reaction 2.4)

The propagation reaction is maintained by adding the monomer unit to propagating
chain. Therefore, the general form of propagation reaction is given below (Reaction
2.5):

Px: + M——3 Py (Reaction 2.5)

The chain growth is terminated either combination or disproportionation. In
termination by combination step (Reaction 2.6), two propagating chains can combine
each other to form a covalent bond between them in order to a single terminated

polymer (Pxsy))-
Py + Py ——— Py (Reaction 2.6)

Termination by disproportionation (Reaction 2.7) leads to obtain two different

polymer chains (Py, Py).

Py + Py > P, +P, (Reaction 2.7)
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Different polymerization techniques are used to synthesize polystyrene. Solution,
bulk, suspension and emulsion are the popular techniques for the polymerization of
styrene. This study focuses on the solution and bulk polymerization techniques.

Reaction of solution polymerization takes place in the aqueous medium (solvent).
There are several criteria for selecting appropriate solvent. Firstly, the monomer and
initiator must be soluble in it. Also, melting and boiling points of solvent should be
suitable for polymerization reaction temperature. The solvent selection may be
affected by other factors such as toxicity, cost and flash point. The main advantage is
that better heat control and removal is done with the presence of the solvent. Solvent
must be evaporated or removed in order to obtain pure polymer [20, 35].

The bulk polymerization is the easiest one among the other techniques to synthesize
polystyrene. It requires only monomer and monomer-soluble initiator, and chain
transfer agent needed for molecular weight control. Polymer yield is higher than
solution polymerization technique. There is an option about casting the
polymerization mixture into final product form. Heat dissipation during the
polymerization is the main problem of this technique. Free radical polymerization
reactions are highly exothermic. When reaction proceeds, the rxn temperature will
increase and additional heat will be generated. Therefore, heat must be removed
during the reaction but heat removal becomes difficult at the near end of

polymerization [20, 35].
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2.5 Boron Nitride Nanotubes (BNNTYS)

Nanotubes have been intensively studied over the last decades with the invention of
carbon nanotubes (CNTs). BNNTSs are structurally analogues of CNTs. BNNTSs are
formed by rolling of boron and nitrogen atoms [36]. Figure 2.4 represents the

molecular model of boron nitride nanotube.

Figure 2.4 Molecular model of a single-wall boron nitride nanotube [37].

2.5.1 Properties of Boron Nitride Nanotubes

BNNTSs are remarkable materials especially in terms of their mechanical, thermal and
electrical characteristics. Mechanical properties of BNNTSs are very similar to CNTSs.
BNNTs have extremely high Young’s modulus which is around 1.22 TPa [38].

Besides mechanical properties, BNNTs have many advantages about thermal
properties. Based on the theoretical and experimental studies, BNNTs are good
thermal conductors because of effective phonon heat transfer [39]. Ishigami et al.
have revealed that thermal conductivity of BNNT was determined as 600 W/m.K.
[40]. BNNTs possess excellent thermal stabilities which is very important for
specific applications. According to thermal gravimetric analysis (TGA), BNNTSs start
to oxidize nearly at 800 °C. In other words, BNNTs have higher resistance to

oxidation than CNTs which is approximately 400 °C [8].

BNNTSs have uniform electronic properties. They have large band gap of 5 eV. Even
if their diameter and chiralities are changed, the electrical properties of BNNTs will
not be affected due to their wide band-gap [41]. It can be easily said that BNNTSs are
isolating materials. Therefore, BNNTs have become a good choice for insulation of

polymer composite materials [42].
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2.5.2 Application of Boron Nitride Nanotubes

In the literature, applications of BNNTSs or potential uses are not at expected level.
Today, limitations about production of BNNTs have already existed. The main
reason is that BNNTs are produced only in gram quantities. However, recent
publications have shown that BNNTs can be used in some potential applications
[41].

For example, BNNTSs can be preferable for high temperature applications because of
their high oxidation resistance [8]. BNNTSs are the electrically insulating materials.
For that reason, this kind of nanofillers can be used as reinforcement in order to
prepare isolating composite materials [42]. Furthermore, BNNTs have become
semiconductors by doping with other materials. For instance, carbon-doped or metal-
doped BNNTS can be very attractive for hydrogen storage [41].

2.5.3 Synthesis Methods of Boron Nitride Nanotubes

As it is mentioned before, mass production of BNNTs is very difficult. Hence,
several growth techniques have been tried in order to synthesize BNNTSs in a large
amount. In general, three popular approaches are mainly used. These are: arc

discharge, laser-based and chemical vapor deposition [41].

2.5.3.1 Arc Discharge Method

BNNTSs were first successfully synthesized by arc-discharge method. This synthesis
method was similar to growth of CNTs [7]. In conventional arc discharge method,
electrodes which are anode and cathode are used as reactants and vaporization take
place between these two electrodes by means of electric energy. Vacuum chamber,
gas-flow controllers and two electrodes with a DC power supply are the main

instruments of conventional arc discharge method [43].

For BNNTSs synthesis, the anode contains pure BN which is inserted into hollow
tungsten electrode. The copper cathode electrode is rapidly cooled. Arc discharge is
applied between these two electrodes. During the discharge, helium gas is fed to the

vacuum chamber and dc current is applied between two electrodes with a constant

16



voltage. After the arc discharge completed, the grey product is formed on the copper
cathode [7]. Nanotubes are deposited on the cathode electrode.

2.5.3.2 Laser-Based Method

Besides electrical energy, the photonic energy can also be converted to heat in order
to evaporate reactants into ion gas form. Laser based technique can be defined as the
light which is either continuous beam or discrete pulses is sent to source materials.
Incident light increases the temperature of irradiated zone to high degree within a
short period of time. If the temperature exceeds the sublimation point of the source
material, the local explosion may occur and the source material may effuse from the
surface. The reactants which are in ion form are generated by using this technique
[43].

For BNINTSs synthesis, continuous beam or discrete pulses of light are sent to boron
source and the carrier gas is used for carrying the target material to the collector. The
target material is collected from collector [44]. The laser method needs high amount
of energy and temperature like in the arc discharge method. Low amount of BNNTSs
which have a perfect cylindrical structure with small defects is produced [43]. The
main disadvantage of this technique is that synthesized BNNTs contain a high

amount of impurities like undesired BN particles or flakes [37].

2.5.3.3 Chemical VVapor Deposition

Chemical vapor deposition (CVD) is the most popular technique that the reaction
takes place between volatile reactants at elevated temperature in order to be
deposited [43]. For example, Lourie et al. reported the synthesis of BNNTSs by using
borazine (B3sNsHg) and catalyst particles. The catalyst was centered in tubular
furnace reactor and heated to high temperatures. Then, borazine vapor was
decomposed and deposited on the catalyst as a white solid material [43, 45]. Typical

set-up for the synthesis of BNNTSs using CVD method is shown in Figure 2.5 [11].
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Figure 2.5 CVD method for production of BNNTs [11].

2.5.3.4 Other Synthesis Techniques

Ball milling and annealing method is one of the alternative technique to produce
BNNTSs. This technique contains two steps that are the ball milling of elemental
boron in NH3 at room temperature and thermal annealing at 1000 °C. High yield of
BNNTSs, low cost and ease of the control are the main advantages of this technique
relative to the others. In the first step of this technique, high-energy ball milling leads
to structural changes of elemental boron and chemical reaction at room temperature.
The reaction which is called as nitriding reactions takes place between boron powder
and ammonia gas. Disorder BN and nanocrystalline boron is formed during high-
energy ball milling procedure. After ball-milling, the boron based material is
annealed at high temperature. Boron nitride nanostructures are grown up from this

metastable and chemically activated during thermal annealing [46].

The other thermal method is the reaction of ammonia gas with a powder mixture of
boron and iron oxide. The boron and iron oxide powder mixture is homogeneously
mixed at room temperature by taking into account the weight ratio of reactants. The
homogenized mixture is placed into the center of horizontal tubular reactor. The
reaction is carried out between ammonia gas and this powder mixture at high
temperatures. High yield of BNNTs with low cost can also be synthesized by using
this method. The reactant gas composition, reaction temperature and weight ratio of

powder reactants are very important on the structure of BNNTSs [44].
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2.6 Polymer Processing Techniques

Several polymer processing techniques such as extrusion, injection molding and
blow molding etc. are used to fabricate plastic products. In this study, extrusion and
injection molding techniques are carried out in order to prepare materials. Therefore,
these processing techniques are examined thoroughly.

In extrusion process, a molten polymer is continuously forced through the die in
order to be shaped into desired items [32]. This method allows several processes
taking place in a single machine. These include melting, metering, mixing, reacting,
side-stream addition, and venting. In Figure 2.6, the schematic representation of the

extrusion process is given.
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Figure 2.6 Schematic illustration of the extrusion process [47].

Extruder has a horizontally placed barrel. Inside the barrel, either single or double
screw is used for mixing. In a typical extrusion process, thermoplastic materials in
powder or granular form are fed from main feeder to the screw. After feeding, they
are heated by controllable heaters and conveyed with the rotation of screw which
helps to create mixing regime inside the barrel. Molten polymer is blended with their
additives and transmitted to the die section by means of shear forces created by

motion of screw.

19



At the end of the extruder, the viscous forms of polymer exits from die to form
extrudate of the desired shape [48]. Typical single screw extruder is shown in Figure
2.7.

Powder or granules

Die Heater Bands

Feed Hopper

SRR T =

Extrudate

Rotating screw

Figure 2.7 A schematic representation of single screw extruder [48].

2.6.1 Screw of Extruder

The screw inside the barrel is the most important part of the extruder. The main
purpose is to maintain homogeneous mixing inside the barrel. For that reason, a
screw is divided into three major sections which are feed, compression or transition

and metering zones. Three distinct sections of screw are given in Figure 2.8.

-
=Q*=== =ﬁ‘=i’='={*ﬁ\==-
- \

| Feed section ’ Compreassion

Figure 2.8 Major parts of extruder screw [48].
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The extrusion process begins with the feeding of raw polymer from the hopper or
feeding hole. After feeding, the raw polymer is preheated to a proper temperature and

conveyed to the compression zone.
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In the compression zone, the raw polymer is melted and mixed. Then, the melt mixed
polymer is pressurized by the rotational motion of screw. The main purpose of this
section is to compress the molten polymer and create the shear forces inside the
material for better mixing. Additionally, the screw depth of this section decreases in
order to ensure compactness of material. This squeezing part prevents the formation
of air bubbles inside polymer melt. If they are formed into polymer melt, they will
send to feed zone again.

In the metering section, the screw depth is again constant but it becomes much less
than feeding section. The metering section provides homogenization of the polymer
melt. The polymer melt is sent to the die at a constant rate, temperature and under
sufficient pressure [48].

2.6.2 Twin Screw Extrusion

The use of twin screw extruders has been increased rapidly in recent years. The main
reason is that the twin screw extruder has two co-operating screws in its heated
barrels. These types of machines are allowed to improve operational parameters of
extrusion. For example, output rates, mixing efficiency and heat generation
parameters of the extrusion process can be enhanced with respect to single screw
extruders. The arrangement of the double screw and the rotation direction inside the
barrel are the two main considerations for determining the types of twin-screw

extruders. These types are shown in Figure 2.9.

MM
i
LT
1 I IR

(a) Counter-rotating  (b) Co-rotating (c) Counter-rofating  (d) Co-rotating
(Intermeshing) {Intermashing) (non-Intermeshing) (non-intermeshing)

—

Figure 2.9 Different types of twin-screw extruders [48].
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Based on Figure 2.9, different arrangements can be used for twin-screw extruders. In
counter-rotating motion, the molten polymer is sheared, pressurized and effectively
squeezed between these screws. In co-rotating motion, the polymer is conveyed from
one screw to another [48]. The motion of counter-rotating and co-rotating twin screw

extruders are represented in Figure 2.10.
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Figure 2.10 Motion of twin-screw extruders [49].

2.7 Injection Molding

Injection molding is most frequently used processing technique for plastics. The
powder or pellet form of thermoplastic materials, recently thermosets, is converted to
finished articles with the help of this method [32]. This process is carried out by

injection molding machine. The basic stages of this process are given in Figure 2.11.

The polymer is heated until it melts. Then, the melted polymer is injected into a cold
mold under high pressure. The polymeric material is solidified inside the mold. At

the last stage, the mold is opened and the product is ejected from the mold [50].
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Figure 2.11 Stages of injection molding process.

The injection and the clamp unit are the two main parts of injection molding process
in order to complete the cyclical steps in melt injection. Melting of polymer and then
injection of this molten polymer into the mold is the main responsibilities of injection
unit. In the clamping system, it has one main property: to keep the mold closed and
to prevent any polymer from escaping the mold during the injection of molten

polymer [51].

Appropriate process conditions such as temperature and pressure can be adjusted

according to the polymer type which is used to be injected.

2.8 Characterization Methods

A large number of techniques are carried out in order to determine the properties of
polymers, their nanocomposites and also fillers to be used. In the following

subsections, these characterization techniques are explained in detail.

2.8.1 Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectroscopy is basically defined as the interaction of infrared light with
material. It is very sensitive to detect functional groups or chemical bonds in
materials. The most important feature of infrared spectroscopy is to determine

unknowns in samples. Fourier Transform Infrared Spectroscopy is the most
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commonly used type of spectrometer. Middle infrared radiation range (400 — 4000
cm™) is applied to characterize the materials. Absorption and transmission of infrared
lights are the main approaches for identifying the chemical composition of unknown
sample. When infrared radiation is interacted with sample in infrared spectrum,
radiation is absorbed by material leading to vibration in their chemical bonds. The
existence of chemical bonds in sample is the essential condition for infrared
absorbance in order to occur. Transmittance is the ratio of light intensity with or
without sample. Therefore, information about absorption and transmission of infrared
lights is required to interpret the chemical bonds and functional groups of unknown
material [52].

2.8.2 Measurement of Molecular Weight

Molecular weight distribution of commercial or synthesized polymers has to be
known to use them in specific applications. Several techniques are used to determine
the molecular weight distribution of polymers. Molecular weight determination
methods are divided into two categories: absolute and relative ones. In this study,
relative methods such as viscosity average molecular weight, Gel-Permeation

Chromatography are explained in detail.

2.8.2.1 Viscosity Average Molecular Weight (M,)

Viscosity average molecular weight method is based on the determination of intrinsic
viscosity [n] for polymer solution [20]. Intrinsic viscosity [n] is defined as the
fractional change in the viscosity of a solution per unit concentration of a polymer at
infinite dilution. The mathematical expression of intrinsic viscosity is given below
[53]:

=)= [ D

(nsp/c) is the expression of reduced viscosity (Nred). Also, inherent viscosity (ninn) iS

expressed by (Innr/c).
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Huggins and Kramer’s equations are used to determine intrinsic viscosity. The
mathematical expression of Huggins’ equation which is the relation between reduced

viscosity and concentration is given in Equation (2.2) [53]

Nreq = (22) = [l + K'In]? € (2.2)

Also, Kramer’s equation is expressed by the variation of (Inn/c) with concentration.

The mathematical relation is given in Equation (2.3) [53]:
. _ (nmy) _ [ K" 2C 23
Minh =-—— = [n] + K"[n] (2.3)

Reduced and inherent viscosities are plotted with respect to concentration to
determine intrinsic viscosity. Both (ns/c) and (Inm/c) extrapolates to zero
concentration (Figure 2.12). The intercept of the plots give the accurate value of

intrinsic viscosity (Figure 2.12).

Tep/C

] =

Concentration
Figure 2.12 Typical plots of inherent and reduced viscosities with respect to
concentration to find intrinsic viscosity [54].

After determining the intrinsic viscosity of polymer solution, Mark-Houwink-
Sakurada equation is used to determine viscosity average molecular weight. This

relation can be written as [20];
[n] = KM, (2.4)

In this equation, both K and a are the empirical constants which are only appropriate

for a given polymer, solvent and temperature. In other words, temperature, polymer-
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solvent system and molecular weight of the polymer in solution are the main
functions of intrinsic viscosity. If the measurements are carried out at constant
temperature by using appropriate solvent for a specific polymer, the polymer’s

molecular weight can be estimated quantitatively [21].

2.8.2.2 Gel Permeation Chromatography (GPC)

Gel Permeation Chromatography (GPC) which is also called as Size Exclusion
Chromatograph (SEC) is the most frequently used technique for determination of
molecular weight and molecular-weight distribution of polymers [20]. The molecular
weight of polymers starting from oligomers to 10° can be characterized by this
method. Molecular-weight distribution of polymers in terms of number average (M),
weight average (My,), z-average (M) and polydispersity index (PDI or My/M,) can
also be determined by means of GPC technique.

The main principle of GPC method is the separation of polydisperse polymers
according to their sizes. The separation process is occurred by passing a solution
through a column packed with microporous gel particles. A dilute polymer solution
is injected along with a solvent which is continuously pumped through the column
with a constant flow rate. The size of polymer molecules is a key point for
separation. This means that, the smaller molecules can easily penetrate the pores of
the gel in column rather than the larger ones. During elution, the larger molecules
come out first from the column and enter into the detector quickly. In other words,
the larger molecules will spend less time to elute from the column with respect to
smaller molecules [53]. This method helps to distinguish different size of polymer
molecules which have been eluted from the column in descending order of molecular

weight.

Polymer sensitive detectors such as infrared or ultraviolet devices are used in order to
monitor the concentration of polymer molecules in each eluting fractions [20]. A
typical GPC curve for a sample is plotted by detector signal to elution volume or
elution time. The data of elution volume or elution time are recorded by detector

signal in order to plot typical GPC curve [53].
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GPC calibration curve is obtained by the known molecular weight samples. The
calibration curve is the plot of molecular weight versus elution volume. Once the
proper calibration is obtained, the molecular weight of any samples can be found
from the elution volume which is obtained for the samples [53].

2.8.3 Melt Flow Index (MFI) Measurement

The melt index which is also called as melt flow rate measures the mass flow rate of
polymer through a standard orifice under prescribed conditions of temperature and
load [55]. The melt index value of molten polymers is determined by the weight of
the polymer extruded during specified time under certain conditions. The melt index

of polymers is expressed in grams per ten minutes [56].

The melt index machine resembles the simple ram extruder. The barrel is filled with
polymer and heated to appropriate temperature. When the polymer is melted, the
weight is applied to the piston in order to push forward the extrudate polymer
through the die. As the extruded weight of polymer per unit time decreases, the
viscosity or molecular weight of polymer will increase. In other words, high MFI
value of polymers shows low viscosity and low molecular weight [57]. In Figure

2.13, schematic representation of MFI apparatus is given.
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Figure 2.13 Schematic of MFI apparatus [58].
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2.8.4 X-ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) is commonly used method in order to determine
crystallographic structure of materials. This method helps to investigate the
arrangement of atoms or molecules through the interaction of electromagnetic
radiation [55].

X-rays which are the form of electromagnetic radiation have high energies with short
wavelength [59]. In XRD analysis, an X-ray beam with a given wavelength is sent to
solid material. A beam of X-rays are diffracted only for certain specific orientations
of the material [55]. The diffraction of X-rays is shown by Bragg’s equation which is

written as follows,
nA = 2dsin® (2.5)

where, A is the wavelength of the X-ray beam, d denotes the distance between planes,
0 is the angle of incidence and n is an integer which shows the degree of diffraction
[60]. Bragg’s law gives a relationship between wavelength of X-ray beams, atomic
distance between planes and angle of diffraction. The diffraction parameters of X-ray

beam is given in Figure 2.14.
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Figure 2.14 Diffraction of X-ray beam by planes of atoms [59].
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X-ray diffraction apparatus which is called as diffractomer is used to determine the
diffraction angle of the material. When the 0 angle is slowly increasing, the recorder
of diffractometer automatically plots the intensity of diffracted beam versus
diffraction angle (20). Crystallinity of specimens can be determined by
characteristics peaks which are indicated by 20 values. Hence, XRD pattern gives
information about which crystalline phase exists in the material and the
proportionality of crystalline phase [59].

2.8.5 Surface Area Measurement

BET method is the initials of scientists who are Brunauer, Emmett and Teller. This
technique which is related to surface characterization of porous materials was
developed in 1938. BET surface analysis method is used to determine surface area,

pore-size distribution of solid materials.

In multi-point BET surface analysis, the initial weight of sample is known and
nitrogen gas with controlled pressure is applied to solid materials. When the nitrogen
pressure is increased, nitrogen molecules are adsorbed by bulk free surface and pores
of the sample. After covering the surface with nitrogen molecules, the pressure of
nitrogen is decreased and nitrogen molecules are desorbed from material. Surface
characteristics of the material can be identified by adsorption and desorption

isotherms of the samples [11].

2.8.6 Scanning Electron Microscopy (SEM) Analysis

SEM is a microscopic analysis technique for scattering the pattern or profiles of the
material. This method is very useful to gather information about material’s surface
morphology. In this technique, electron beam which is produced by electron gun is
sent to specimen in order to scan the surface of the material. The material’s surface
has to be electrically conductive. For example, if the sample is electrically isolating,
the surface of the material is coated with thin layer of conductive material such as

gold or carbon in order to make it as a conductive sample [28].

When the electron beam is sent to specimen, the interaction is occurred between

electron beam and atoms which produce the signals. These signals are detected by
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detector and scanned images of the materials surface can be visible by the varying
intensity of the signal. The variations in the intensity of signals lead to obtain visible
scanned images of the samples on the screen [28]. More than 50,000 times
magnification can be possible for SEM images in order to make accurate
consequence about material’s surface morphology [59].

2.8.7 Mechanical Characterization

Mechanical properties of materials are the most crucial properties among all physical
and chemical properties. For most applications, polymers are commonly preferred
because of their unique mechanical properties. Therefore, several test methods are
used to investigate the mechanical performance of the polymers. Ductility, hardness,
strength and toughness are some types of the mechanical properties. In this study,
tensile and impact test are examined thoroughly.

2.8.7.1 Tensile Test

The purpose of tensile test is to get information about mechanical features of
materials such as tensile strength, yield strength, modulus of elasticity and elongation
at break. Based on tensile test standards, test specimens are generally in the form of
dogbone shape or rectangular. In tensile testing machine, both ends of the specimen
are clamped between a pair of jaws. The upper jaw is attached to a moveable
crosshead. Before starting the experiment, the dimensions of specimen are measured
and then clamped into the jaws. When the tensile test is started, the crosshead of
testing machine is raised at a constant speed rate. During the test, the load which is
applied to specimen is continuously recorded until the specimen breaks. Finally,
force and elongation data of the specimens are offered for plotting by tensile test

[31]. The schematic representation of tensile testing machine is given in Figure 2.15.
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Figure 2.15 Tensile test apparatus and tensile test specimen [61].

As it is mentioned before, force versus elongation plot is obtained by tensile test. The
raw data of tensile test can be converted into engineering stress vs. engineering strain
plot by using the dimensions of specimen. The equation of engineering stress and

strain is expressed by Equations (2.6) and (2.7) respectively [33].

o= (2.6)
Ao
_ Li-Lo
€= 1 (2.7)

In Equation 3.6, force applied on the specimen is denoted by F (N). Aq (mm?) is
cross-sectional area of tensile specimen and o is the engineering stress (MPa). In
Equation 3.7, engineering strain (€) which is the dimensionless quantity is defined as

the ratio of the change in the gauge length (mm) to the initial gauge length (mm).
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Young’s modulus also called as modulus of elasticity is the one of tensile property of
the materials. Young’s modulus is directly related with stiffness of a material and

obeys the Hooke’s law [62]:

oc=E.c¢ (2.8)

Based on the Hooke’s law, the modulus of elasticity is the slope of the initial and

elastic region (linear region) of stress-strain curves.

Tensile strength is the maximum tensile stress that the material can sustain without
fracture. Yield strength of a material is the maximum stress which is required to

produce plastic deformation. Typical stress versus strain plot is given in Figure 2.16.

Tensile | = 7 o : =
Strength \_/ vy

! Yield
g Point
7 Tensile
Modulus
: Strain to
, fracture
Strain (g)

Figure 2.16 Typical stress-strain curves [63].
The stress-strain behavior of the materials shows a variety due to their material
properties. In Figure 2.17, different types of stress-strain curves are represented.
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Figure 2.17 Different forms of stress-strain plots [63].
2.8.7.2 Impact Test

Impact strength is a measure of needed energy in order to break the sample. Impact
strength gives information about toughness of the material. In general, impact-related
tests are divided into two categories: falling-mass test and pendulum test. 1zod and
Charpy test techniques are generally used to determine the impact strength of the
polymers. For both the 1zod and Charpy test, the hammer is released from a specified
height to break a sample under standard conditions. The energy is determined from
the potential energy loss of the hammer. In 1zod test, notched specimen is used to
measure the energy of the sample. On the other hand, the material can be tested with
unnotched or oppositely notched specimen [35]. Impact strength calculation can be
done by dividing the absorbed energy to cross sectional area of the sample. In Figure

2.18, Charpy impact test apparatus is given.
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Figure 2.18 Charpy impact test [47].

2.8.8 Thermal Characterization

There are several techniques to detect the thermal response of the materials when it is
subjected to a controlled temperature. Differential scanning calorimetry (DSC),
thermo-gravimetric analysis (TGA) and differential thermal analysis (DTA) are the
three main methods. In this study, DSC and TGA techniques are investigated for

thermal behavior of the materials.

2.8.8.1 Differential Scanning Calorimetry (DSC) Analysis

DSC is frequently used to observe thermal transition of material under certain
temperature program. Glass transition, crystallization and melting temperatures of
materials can be interpreted by this technique. The flow of energy (heat) adsorbed or

released by a sample is measured with the help of DSC analysis [64].

In the DSC analysis, two pans are used to analyze thermal behavior of sample. The
material is placed into sample pan and other one is used as a reference pan which is

empty one. Both pans are heated by heaters supplying thermal energy.
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In a typical DSC program, the temperature of both pans are increased with a constant
heat rate of 5 °C /min, or 10 °C /min or 20 °C /min [21]. During the analysis, heat
flow difference between sample and reference pans is measured and data is collected

in order to plot differential heat flow as a function of temperature.

When the temperature is increased, physical transformation such as melting, glass
transition or crystallization can occur. During physical transformation, discontinuity
in power signal is started. This means that, heat is needed for a sample pan in order
to continue their physical changes [28]. A typical DSC curve is given in Figure 2.19.

Endo +—*Exo
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Figure 2.19 Typical DSC plot [28].
2.8.8.2 Thermal Gravimetric Analysis (TGA)

Thermogravimetric analysis is used to determine materials resistance towards heat.
In this method, the weight of material is continuously recorded under the temperature
program. Under the controlled atmosphere as air or nitrogen is supplied during the

analysis.

When the material temperature is increased with a constant heating rate, the initial
weight of sample starts to decrease due to evaporation or degradation of the material.
As the temperature is enhanced further, the weight of residual is decreased. The filler

content in composite is quantitatively analyzed with the help of this technique [28].
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2.9 Previous Studies

In this study, PS synthesis, production of BNNTs and polymer-nanotube composites
are generally taken into account in the literature survey.

2.9.1 Polystyrene Synthesis

Altares et al. [65] synthesized the low molecular weight polystyrene using anionic
polymerization technique. All samples were polymerized under high vacuum in order
to measure the molecular weight. Polymers were synthesized by changing the
anionic initiator and styrene amount in terms of mole and weight, respectively.
Intrinsic viscosity, viscosity average and number average molecular weight of
polymers were determined using different techniques such as conventional solution
fractionation, elution and gas chromatography. For example, elution chromatography
was used to determine the low molecular weight of polymers which were less than
1500.

Mclntyre et al. [66] synthesized the high molecular weight polystyrene samples and
characterized them using light-scattering and equilibrium ultracentrifugation method.
The solution polymerization method was used using a tetrahydrofuran (THF) as a
solvent. Molecular constants of high molecular weight synthesized polystyrene
samples were determined via a light-scattering and ultracentrifugation technique.
Also, intrinsic viscosity as a function of weight average molecular weight (M,,) was
plotted using a Mark-Houwink equation in order to determine theta solvent values at

the theta temperature.

Choi et al. [67] synthesized the polystyrene using bulk styrene polymerization
method in order to the study the kinetics of styrene polymerization. Symmetrical
bifunctional initiator (2,5-dimethyl-2,5-bis(benzoyl peroxy)) was used in order to
initiate the reactions. The Gel Permeation Chromatography (GPC) technique with
THF solvent was applied to determine molecular weight and its distribution. The
effect of polymerization temperature changing from 90 °C to 110 °C on monomer
conversion was determined at 0.025 mol/L initiator concentration. Molecular weight

distributions of polymers were also determined at the same initiator concentration.
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Effect of initiator concentration changing from 0.05 to 0.01 mol/L on monomer
conversion was studied at the polymerization temperature of 100 °C. Also, the
molecular weight distribution of synthesized polymers with respect to initiator
concentration was determined. When the initiator concentration was decreased from
0.05 to 0.01 mol/L as a function of time at the same polymerization temperature, My,
and M, determined from experimental data were increased remarkably.

Patra et al. [68] synthesized the high molecular weight polystyrene (PS) and
poly(methyl methacrylate) using an emulsion polymerization technique. Metal
metallocene compound (Cp,ZrCl,) catalyst with anionic surfactant as a emulsifier
was used in order to polymerize the styrene or methylmethacrylate in aqueous
medium. Polymerization was carried out by changing polymerization time between
3-20 hrs in order to determine polymer yield and molecular weight of polystyrene
and PMMA. The highest yield and polydispersity index (My/M,) of polystyrene was
determined with the values of 84% and 1.9, respectively at the constant reaction
temperature of 90 °C, monomer concentration of 0.5 mol/L and at 15 hrs

polymerization time.

2.9.2 Production of Boron Nitride Nanotubes

Chopra et al. [7] synthesized boron nitride nanotubes using an arc-discharge method.
The inner and outer diameter of synthesized nanotubes can be varied between 1-3 nm

and 6-8 nm, respectively. The length of nanotubes was over 200 nm.

Tang et al. [69] synthesized boron nitride nanotubes by heating a mixture of
amorphous boron powder and iron oxide to high temperatures inside an alumina
tube. The ammonia gas was preferred as a reactant. The reaction temperature and the
ratio of boron (B) to iron oxide (Fe,03) played a vital role in order to determine

diameter and morphology of the product.

Tang et al. [70] synthesized BNNTs from a mixture of boron and magnesium at
reaction temperature of 1300 °C. Magnesium was evaporated from the final product.
SEM images showed that diameter and length of one-dimensional nanostructure
were ranged from several nanometers to about 70 nm and up to 10 micrometers,

respectively. The broad distribution in terms of diameter of BNNT was obtained.
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Tang et al. [71] synthesized multi-wall boron nitride nanotubes by using chemical
vapor deposition method. The mixture of elemental boron and gallium oxide was
reacted with ammonia. Based on the morphological analysis of synthesized multi-
wall boron nitride nanotubes, wall deformation was observed and it was dependent
upon tube diameter. The wall deformation was lead to stress relaxation of bond

rotation.

Zhi et al. [72] synthesized boron nitride nanotubes using a mixture of iron oxide,
magnesium oxide and elemental boron. This powder mixture was used as effective
precursor for BNNTSs synthesis. The reaction was carried out at a wide temperature
range of 1100-1700 °C. Diameter and purity of BNNTSs were not dependent upon the
wide scale temperature reaction. Approximately 200 mg BNNTSs were synthesized at
the temperature of 1500 °C with 1 hour and also no significant impurity was detected
in the synthesized material. They believed that the BNNTs were easily scaled up
using a larger diameter of boats. XRD result revealed that crystalline h-BN phase

was obtained.

Lee et al. [73] synthesized multi-wall boron nitride nanotubes in horizontal tubular
furnaces within a hour. In this method, a mixture of boron, magnesium oxide and
iron oxide was placed in alumina boat and this boat was centered into quartz test tube
which was located in the center of furnace. The furnace was heated to 1200 °C and
ammonia gas was fed to the system at this temperature. Ammonia was reacted with a
mixture. Finally, clean and long BNNTs were collected from the wall of alumina
boat.

Ozmen et al. [44] synthesized the BNNTSs from the reaction of ammonia gas with a
powder mixture of elemental boron and iron oxide in horizontal tubular furnace. The
powder mixture of elemental boron and iron oxide was placed inside the center of
tubular furnace. Different boron to iron oxide ratios and reaction temperature were
scaled in order to see the effect of synthesis parameters on the morphological
properties of BNNTSs and to investigate the reaction kinetics of BNNTSs synthesized
by the reaction of NH3; with elemental boron and iron oxide. XRD results revealed
that, the solid phases were iron, boron oxide, iron boride, hexagonal and

rhombohedral. The outer and inner diameters of synthesized BNNTs were changed
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between 64-136 and 7-28 nm respectively. It was observed that BNNTs were
synthesized by the reaction of nitrogen which was formed from the NH3
decomposition reaction with Fe,By, produced from the reaction of B with Fe;O3
Finally, optimum reaction conditions were determined as a reaction temperature of
1300 °C and boron to iron oxide ratio of 15/1.

Noyan [74] synthesized the BNNTSs from the reaction of ammonia gas with a powder
mixture of elemental boron and iron in horizontal tubular furnace with connecting a
mass spectrometer to analyze the effluent stream. The synthesized material was
purified using acid treatment method in order to get rid of reaction impurities from
the sample. Based on the XRD analysis, the solid phases which are hexagonal
BNNTSs, rhombohedral BNNTS, boron-iron compounds, and iron were observed in
the unpurified synthesized material. The reaction Kkinetics of BNNTs was
investigated in terms of decomposition of ammonia gas, formation of boron-iron
compounds and boron nitride. The outer diameter ranges of synthesized BNNTSs
were changed between 10-550 nm. Physical properties of BNNTSs especially surface
area were decreased with an increase in temperature. Deposition rates of boron
nitride with respect to temperature were scaled. Based on the parameter optimization,
the synthesis conditions which were B/Fe ratio of 15/1 at 1300 °C were the optimum

reaction conditions for the highest deposition rate of BNNTSs.

2.9.3 Polymer-Nanotube Composites

Tong et al. [75] prepared modified polyethylene (PE) and single-wall carbon
nanotubes (SWNTSs) via in-situ Ziegler-Natta polymerization. Polymerization of
ethylene was carried out using a synthesized catalyst which was a modified surface
of SWNT/MgCI,/TiCl, at 50 °C within a glass reactor. Two different composites,
SWNT/PE and modified-SWNT/PE were prepared in order to investigate the
influence of surface modification of SWNT. Mechanical test results revealed that the
mechanical properties of modified-SWNT/PE were better than SWNT/PE because of
the strong interaction between in-situ polymerized SWNT and PE. For example,

tensile test properties such as yield strength, tensile strength and modulus of
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modified-SWNT/PE were enhanced to 25, 15.2 and 25.4% as compared to raw-
SWNT/PE.

Park et al. [76] fabricated polystyrene (PS) and multi-wall carbon nanotubes
(MWNTSs) with modified surface using in-situ bulk polymerization method. The
polymerization was initiated by AIBN at 70 °C for 48 hrs polymerization reaction
time within a three-neck pyrex reactor. The prepared composite was characterized
especially in terms of molecular weight, structural and morphological analysis. GPC
analysis revealed that when the addition of CNT was increased up to 1.0 wt %, the
polydispersity index (PDI) was increased as compared to neat polystyrene. SEM
images of composite showed that dispersion of CNTs into polystyrene matrix was
achieved with the help of in-situ polymerization method. In addition to that,
rheological measurements were agreement SEM results because of the effective load

transfer.

Mhetre et al. [77] prepared the nylon 6 and multi-wall carbon nanotubes (MWNTS)
composite using a in-situ polymerization technique. Ultrasonication and quick
polymerization was carried out in order to disperse carbon nanotubes in polymer
matrix uniformly. The preparation of the composite using a quick polymerization and
followed by ultrasonication was a very effective method to disperse nanotubes
without using any solvent or chemical treatment of nanotubes. Mechanical results
revealed that remarkable enhancement was observed at very low concentration of
CNTs because of the high aspect ratio of carbon nanotubes. Molecular weight results
showed that the viscosity average molecular weight of composites was decreased
dramatically with increasing the addition of CNTs. This shows that polymer chain
growth of prepared composites was reduced because of the better dispersion of
CNTs.

Lahelin et al. [78] fabricated the composites polystyrene (PS), poly (methyl
methacrylate) (PMMA) and carbon nanotubes (CNTSs) separately using in-situ
emulsion and emulsion/suspension polymerization method. The addition of CNTs
varied from 0 to 15 wt%. Mechanical properties revealed that the significant
improvement was obtained at low concentration. On the other hand, molecular

weight of composites increased with the addition of CNTs. Therefore, it was very
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difficult to evaluate which parameter had much more influence to improve the
mechanical properties.

Annala et al. [79] prepared the composites of polystyrene (PS), poly (methyl
methacrylate) (PMMA) and carbon nanotubes (CNTSs) separately by using in-situ
polymerized masterbatch or melt mixing method, respectively. When compared the
interfacial adhesion between polymer and nanotubes with respect to composites and
preparation methods, the better resistivity results of the PS/CNTs composites
prepared by melt mixing method showed the good adhesion between polymer and
nanotubes than the others.

Zhi et al. [14] fabricated the Polyaniline (PANI)-BNNT composite films using
solution mixing method. BNNTs were synthesized from the mixture of boron and
metal oxide using CVD method. Raman, UV/Vis absorption and XRD revealed that
the strong interaction between BNNT and PANI was observed using the solution
mixing method. On the other hand, SEM images of composites showed that the
dispersion of BNNTs into the polymer matrix was not achieved due to shrink and
broken of composite films. Long irradiation time caused to broken of composite

films.

Zhi et al. [10] fabricated the Polystyrene (PS)-BNNT composite films using solution
dispersion method. CVD method was again used to synthesize BNNTs. PS/BNNT
composite films showed a perfect transparency as compared to polymer-CNT
composites. The aim was to improve mechanical and thermal properties of
composites. Tensile test was showed that Young’s modulus of composite was
increased by ~21% with the addition of 1 wt% BNNTs. TEM images confirmed that
the dispersion of BNNTs and the strength interfacial between PS and BNNT
improved using PmPV solvent. Thermal properties of composites were investigated
in terms of DSC and TGA analysis. Oxidative temperatures of the composites were
enhanced from 358 to 388 °C with addition of 1 wt% BNNTSs. On the other hand, the
glass transition temperature of PS was decreased by only 3.5 °C at 3.0 wt% BNNTS.

Harrison et al. [80] prepared extruded polyethylene (PE)-hexagonal boron nitride

composites using melt mixing method. Mechanical and radiation shielding properties
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of composites were examined. In order to improve the interfacial adhesion between
boron nitride and PE, the powder surface of the boron nitride was functionalized
using a trifunctional alkoxysilane coupling agent and those were mixed in water
solution in order to obtain modified boron nitride. Based on mechanical results of
composites, tensile modulus of neat PE was improved by the addition of 15 vol% of
hexagonal boron nitride. The functionalized surfaces of boron nitride were induced
to obtain this improvement especially in tensile modulus of composites. On the other
hand, the tensile strength of composites was improved slightly as compared to tensile
modulus. Addition of coupling agent was also increased tensile strength of the
composites. The toughness of the material was not improved significantly with
respect to neat resin because of the formation of voids by particles. When the surface
modified composite with 1.0 wt% BNNT was used, the toughness was also

increased.

Zhi et al. [12] fabricated the poly(methylmethacrylate) (PMMA)-BNNT composites
using solution dispersion method. Mechanical and thermal behavior of composites
was investigated in terms of elastic modulus, strength and elongation, thermal
stability, glass transition temperature and thermal conductivity, respectively. Blank
PMMA and two different sizes of composite films with a thickness of 27 and 52 pm
at 1.0 wt% BNNTs were prepared in order to observe the improvement of
mechanical and thermal composites. The modulus of PMMA was improved up to
19% with the addition of 1.0 wt% BNNTs. When the thickness of the composite was
increased from 27 to 52 pm at 1.0 wt% BNNTSs, modulus (GPa) and elongation (%)
of composite was slightly improved from 2.47 to 2.51 and 3.93 to 4.21, respectively.
Also, the strength (MPa) of composite films at 1.0 wt% BNNTSs were obtained as
54.35 and 54.73 MPa with increasing of the thickness from 27 to 52 um,
respectively. TGA and DSC analysis revealed that the stability of PMMA-BNNT
composite at 1.0 wt% BNNTs was increased slightly as compared to blank PMMA
composite films and glass transition of composite was increased from 82.9 to 85.2 °C
because of the mobility of chains. In order to investigate the thermal conductivity of
PMMA/BNNT composites with 5 and 10 wt% BNNTS, thermal conductivity of
PMMA/BNNT composites with 10 wt% BNNTs was increased three times as
compared to neat PMMA.
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Ravichandran et al. [81] produced polymer—-BNNT composite in order to use a
specific application of packaging of organic photovoltaic (OPV) device. Polymer
matrix can be chosen as Saran (a co-polymer of vinylidene chloride and
acrylonitrile). BNNTs were synthesized from the reaction of boron, iron oxide and
magnesium oxide at 1200 °C. The BNNT loading in polymer matrix was increased
up to 1.5 wt% of BNNTs. High transparency in visible region, good barrier
properties and thermal stability were shown in resulting composites.

Zhi et al. [82] fabricated the composites of poly(methyl methacrylate) (PMMA),
polystyrene (PS), poly(vinylbutyral) (PVB) and poly(ethylene vinyl alcohol) (PEVA)
with purified BNNTs. Thermal, mechanical and electrical properties of composites
were investigated. Thermal conductivity of polymers increased with the addition of
18-37 wt% BNNTSs. The addition of BNNTs decreased the coefficient of thermal
expansion (CTE) of polymer.

Terao et al. [83] produced the composite films which contains polyvinyl formal
(PVF)/BNNTSs. The improvement of thermal conductivity of composites was aimed.
With 1 wt% and 10 wt% of BNNT loading, thermal conductivity of composites were

dramatically increased.

Demir [11] prepared the polypropylene (PP)-BNNT composites with different BNNT
loadings using a twin-screw extrusion. BNNTs were synthesized from the reaction of
ammonia gas with a powder mixture of elemental boron and iron oxide. The effects
of BNNT addition on the thermal and mechanical properties of the composites were
investigated in terms of crystallization temperature, thermal stability and coefficient
of linear thermal expansion, tensile strength, yield strength, elongation at break and
Young’s modulus. Characterization of composite in terms of thermal behavior
revealed that thermal stability of the all composites was improved as compared to
neat resin. Also, a significant enhancement was observed in terms of crystallization
temperature (T.) of composites with BNNT addition. The mechanical test results
were shown that the addition of 0.5 and 1.0 wt% BNNTSs slightly improved the yield
strength and Young’s modulus with respect to neat PP. The tensile strength and
elongation at break values of composites were decreased with the addition of
BNNTSs.
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Li et al. [13] produced the polyurethane (PU)-BNNT composites at different volume
contents. The solution dispersion method was used to prepare the composites.
Mechanical test results revealed that with the addition of 0.5 vol% and 2.0 vol% of
BNNTSs, the compressive modulus of composites was improved at the percentage of
38.2 and 6.3, respectively. Rockwell hardness values (HRR) of composites decreased
with an increasing volume fraction. The Rockwell hardness value of neat
polyurethane was determined as 80.7 £ 2.1 HRR. When the hardness of BNNTs
composites was measured at 0.5 vol% and 2.0 vol%, it was found as 79.1+ 1.9 HRR

and 76.2 £ 4.2 HRR, respectively.

2.10 Motivation of the Study

According to the studies on polymer-nanotube composites, the effect of BNNTs on
mechanical and thermal properties together with preserving the electrically isolating
nature has been verified. However, during these studies most of polymer-BNNT
composites were prepared using solution dispersion or melt blending technique. Even
though solution mixing method can be considered as an appropriate method for
research purpose in order to disperse nanotubes in polymer matrix, it has the
disadvantage of using solvent. The melt mixing method, on the other hand, is a
widely used technique due to easy processing and low cost. Even if these methods
are applied to prepare the composites, homogeneous dispersion of BNNT fillers in

the polymer matrix has not been accomplished yet.

The importance of this study is to introduce a new approach, which is to prepare
masterbatch of polystyrene (PS)-BNNTs nanocomposites applying in-situ
polymerization and to use their masterbatch in the melt mixing method. To the best
of our knowledge, this approach is firstly used for the preparation of PS-BNNT

composites.
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The main objectives of this study are:

e to synthesize polystyrene via two different polymerization techniques and
characterize them using FTIR, viscosity average molecular weight, GPC and
MFI techniques,

e to synthesize BNNTs from the reaction of ammonia gas with a powder
mixture of elemental boron and iron oxide, to purify them using acid
treatment, and to characterize the purified BNNTs with the help of XRD,
surface area measurement and SEM analysis,

e to prepare PS-BNNT composites through melt mixing, in-situ
polymerization, and masterbatch with extrusion methods and to characterize
them,

e to investigate the effect of BNNT concentration on mechanical and thermal
properties of PS-BNNT composites prepared by masterbatch with extrusion
method,

e to investigate the effect of composite preparation methods with the same

BNNT loading on the mechanical and thermal behavior of composites.
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CHAPTER 3

EXPERIMENTAL

3.1 Materials

3.1.1 Polystyrene

The polystyrene with a trade name of Styrolution PS 116 N/L was purchased from
ULTRAPOLYMERS company. The pellet form of this material was used throughout
the study. The properties of Styrolution PS 116 N/L which was given by the supplier

are shown in Table 3.1 and chemical structure of polystyrene is given in Figure 3.1.

Table 3.1 Properties of polystyrene (Styrolution PS 116 N/L) [84]

Property Standard Value
Rheological

Melt Volume Rate, ISO 1133 23
(5kg/200 °C), cm®/10 min

Thermal

Vicat Softening Temperature, B/2 ASTMD 1525 85
(120 °C/h, 50 N), °C

Coefficient of Linear Thermal ISO 11359 80
Expansion, 10-6/°C

Heat Deflection Temperature A; ISO 75 75
(Annealed, 1.8 MPa), °C

Thermal Conductivity, W/(m.K) DIN 52612-1 0.16
Mechanical

Charpy Unnotched, 23 °C, ki/m* ISO 179 9
Tensile Stress at Yield, 23 °C, MPa ISO 527 40
Tensile Strain at Yield, 23 °C, % ISO 527 1.5
Tensile Modulus, MPa ISO 527 3100
Flexural Strength, MPa ISO 178 70
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Table 3.1 (Cont’d) Properties of polystyrene (Styrolution PS 116 N/L)

Property Standard Value
Mechanical
Hardness, Ball Indentation, 1SO-2039-1 150
MPa
Electrical
Volume Resistivity, Ohm*m IEC 60093 > 1*10™°
Surface Resistivity, Ohm IEC 60093 > 1*10"
Other Properties
Density, kg/m’ ISO 1183 1040

——CH—CHyT—

Y
%

Figure 3.1 Chemical structure of polystyrene [85].

3.1.2 Styrene

Styrene, used as a monomer in polymerization was purchased from Sigma-Aldrich.

Its chemical structure is shown in Figure 3.2 and some of properties are given in

Table 3.2.

Figure 3.2 Chemical structure of styrene [85].
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Table 3.2 Properties of styrene

Properties Value
Molecular Weight (g/mol) 104.15
Boiling Point Temperature (°C) 145-146
Melting Point Temperature (°C) -31
Autoignition Temperature (°F) 914
Density (g/mL at 25 °C) 0.906

3.1.3 Azobisisobutyronitrile

Azobisisobutyronitrile, abbreviated by AIBN was used as an initiator in the
polymerization of styrene. It was purchased from Sigma-Aldrich. Its chemical
structure and some of the important properties are given in Figure 3.3 and Table 3.3,
respectively.

HsC CHs
NEC N,,NXC:N
HyC CHa

Figure 3.3 Chemical structure of AIBN [86].
Table 3.3 Properties of AIBN

Chemical Formula CsHi12Ny
Molecular Weight (g/mol) 164.21
Storage Temperature (°C) 2-8
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3.2 Polymerization of Styrene
3.2.1 Experimental Procedure

3.2.1.1 Solution Polymerization

In general, polystyrene (PS) was synthesized by two different polymerization
techniques. Firstly, solution polymerization was used to synthesize polystyrene. In
this method, 500 mL three-necked balloon with condenser and thermometer were
used for the synthesis. As a first step, 100 mL of toluene was gradually added into
0.25 gram of AIBN. This solution was mixed approximately 7 hrs at room
temperature. Afterwards, 50 mL of styrene was added into this solution.
Polymerization reaction time and temperature were 3 hrs and 95 °C, respectively.
Then, 300 mL of ethanol was poured into polymer solution. The precipitated
polymer was put in an oven at 90 °C for drying. Figure 3.4 is the schematic view of
the procedure of solution polymerization technique.

Toliice 50 mL Styrene 300 mL Ethanol
— | Toluene + AIBN | — | Toluene +PS
tmix= 7 htS, Tom=25°C Tom= 95 °C, tom = 3 hrs

s Drying at 90 °C

Figure 3.4 Schematic view of solution polymerization.
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3.2.1.2 Bulk Polymerization

First, 100 mL of styrene was gradually added into 0.18 gram of AIBN. This solution
was stirred 5 hrs in 500 mL three necked balloon. After that, polymerization was
initiated by applying heat. The polymerization reaction time was 3 hrs and reaction
temperature was 95 °C. At the end of the reaction, highly viscous polystyrene was
obtained and it was poured onto aluminum mold and left for drying in an oven at 90
°C for 18 hrs. Dried PS was taken from aluminum mold and crushed into small
pieces in mortar. Lastly, the small PS pieces were frozen inside liquid N, and then
recrushed immediately in order to obtain powder form of PS. The experimental set-
up used for PS synthesis is shown in Figure 3.5.

Condenser

N

A
Y

lo Ol <«—— Motor

U\

Thermometer

Water bath

Experimental conditions:
Heater tom - 3 hrs

Tom:95°C

Vityrane: 100 mL

Waen:0.18 g

Figure 3.5 Schematic representation of bulk polymerization experimental set-up.
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3.2.1.3 Polystyrene Synthesis Parameters
3.2.1.3.1 Optimization of Synthesis Parameters for Solution Polymerization

There were three main synthesis parameters for PS synthesis which are reaction
temperature, reaction time, initiator concentration in the presence or absence of

solvent.

Polymerization temperature and initiator concentration parameters were kept
constant during the solution polymerization experiments. They were set to 95 °C and
0.03 mol/L, respectively. High molecular weight of PS was aimed in this synthesis.
Therefore, reaction time was changed from 1.5 hrs to 9 hrs in order to investigate the
effect of polymerization time on PS molecular weight in the presence of solvent.
Polymerization medium was also changed depending on the presence or absence of
solvent. Table 3.4 summarizes the polymerization time and medium which was

tested to determine the best synthesis conditions for PS.

Table 3.4 Tested parameters in polystyrene synthesis for solution polymerization

Polymerization Run trxn (Drs) Polymerization Medium
1 1.5
2 3 _
with solvent
3 6
4 9
5 3 without solvent

3.2.1.3.2 Optimization of Synthesis Parameters for Bulk Polymerization

By considering the tested parameters for solution polymerization and the aim of this
study, polymerization reaction time and initiator concentration in bulk
polymerization were changed in order to obtain high molecular weight PS which is
close to commercial PS. Polymerization time between 1.5 and 6 hrs and initiator

concentration from 0.03 to 0.01 mol/L were changed by keeping reaction
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temperature at 95 °C. Table 3.5 shows the tested parameters to find the best synthesis
condition for bulk polymerization.

Table 3.5 Tested parameters in polystyrene synthesis for bulk polymerization

Polymerization trxn Initiator Concentration
Run (hrs) (mol/L)

1 1.5

2 3 0.03

3 6

4 0.03

5 3 0.02

6 0.01

3.3 Production of BNNTSs

3.3.1 Experimental Set-Up

BNNTSs production was performed by the reaction of ammonia gas with a mixture of
elemental boron and iron oxide inside a horizontal tubular furnace. General view of

the production of BNNT system is given in Figure 3.6.

Main part of BNNT production system is the Protherm PTF 16/50/450 horizontal
tubular furnace. Type B thermocouple is used to measure temperature at the inner
center of the furnace. Reaction chamber is a tubular form and made from alumina.
Also, the inner diameter of chamber is 50 mm. High purity argon and ammonia were
used and connected to the tubular reactor. Inlet flow rates of argon and ammonia
were adjusted by rotameters. The inlet and outlet volumetric flow rates of both gases
were checked using soap bubble meter. While the furnace was being purged by
argon, 3-way valve was used to regulate the flow of ammonia with the help of by-

pass line [11].
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Figure 3.6 BNNT production system [11].

3.3.2 Experimental Procedure

Initially, 15/1 ratio of elemental boron to iron oxide mixture was prepared. The
powder mixture was homogenized using agate mortar until the iron oxide disappears.
Homogenized mixture was taken into alumina boat with dimensions of 120x30x15
mm. The alumina boat was centered into the tubular furnace. The furnace
temperature was set 1300 °C using temperature controller. The regulators of argon

and ammonia gas tubes were set at 2 bars.

While the temperature of tubular reactor was increasing with a heating rate of 8 °C/
min up to 1300 °C, argon was also passed through the system at a flow rate of 125
cc/min for cleaning the system. When the temperature was reached 1300 °C, argon
was shut off immediately and ammonia was fed to system with a flow rate of 125

cc/min. The reaction time was 2.15 hrs.

As the reaction period was completed, tubular reactor was cooled down with a
cooling rate of 5 °C/min. After cooling, the product was taken from the system.

Physical appearance, color and total weight of product were recorded.
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Each batch of synthesized BNNTSs had to be in powder form. Therefore, agate mortar

was used for powdering the material.

3.3.3 Purification of BNNTSs

BNNTSs purification was necessary step for removing impurities in the synthesized
product. The purification procedure given in Noyan’s study [74] was modified. In the
purification process, approximately 1 gram of synthesized BNNTs was used for
purification. At the initial stage, BNNTs were dried at 40 °C for 3 hrs. After drying,
25 mL of pure water was added and the mixture was sonicated for 2 hrs at room
temperature in order to get better dispersion. 25 mL of nitric acid was added to

mixture in order to get rid of boron element from BNNTS.

This acid treatment procedure was repeated several times by adding same amount of
pure water and nitric acid. In order to separate boron nitride nanotubes, the solution
was filtrated by using filtration paper. To get rid of remaining iron content, BNNTs
were taken from filtration paper by washed with pure water. 20 mL HCI and 10 mL
HNO; was added into BNNTSs. The mixture was boiled for 3 hrs in order to remove
iron content. BNNTSs were retrieved from mixture by filtration. Finally, BNNTSs were
dried for 3 hrs at 75 °C in an oven. This procedure was repeated several times in
order to eliminate the boron and iron content from BNNTSs. Figure 3.7 shows the

whole procedure of BNNTS purification process.
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Figure 3.7 Purification of BNNTSs.

3.4 Preparation of PS-BNNT Nanocomposites

Three different preparation methods which were melt blending, in-situ
polymerization and masterbatch with extrusion were used in this study. The
composites were first prepared by masterbatch with extrusion method at 0.5, 1.0 and
3.0 wt% BNNTs. Melt blending and in-situ polymerization methods were also
applied separately in order to fabricate PS-BNNT composites at a selected

composition.
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3.4.1 Melt Blending Method

PS-BNNTs composites were prepared by melt compounding, in a co-rotating twin
screw extruder. Thermoprism TSE 16 TC twin screw extruder (L/D = 24) was used
in the fabrication of PS-BNNTSs composites. Figure 3.8 shows the photograph of twin
screw extruder. During the process, temperature profile and screw speed were kept
constant. Temperature profile was set to 180-200-200-200-200 °C from main hopper
to die and screw speed was specified as 120 rpm.

Prior to preparing nanocomposite, PS pellets were grinded to powder in order to
obtain same form with BNNTs. PS and BNNTSs were dried at 80 °C overnight and at
40 °C for 3 hrs, respectively. After drying, mixture of PS and BNNTs were fed from
main feeder under specified temperature and screw speed conditions. The 0.5 wt%
BNNTSs extrudate was withdrawn from die and immersed immediately into a water
bath in order to cool down. The nanocomposite was ground before using in injection
molding machine.

Figure 3.8 Thermoprism TSE 16 TC twin screw extruder.
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3.4.2 In-Situ Polymerization Method

In-situ polymerization method, purified BNNTs were dispersed into styrene
monomer in order to synthesize nanocomposite by using bulk polymerization
method. This process was initiated by adding 100 mL of styrene monomer into 0.18
gram of AIBN gradually. The mixture was stirred approximately 3 hrs. 0.25 gram of
BNNTSs was fed to styrene solution. In order to get better dispersion, the mixture was
mixed 2 hrs at room temperature. Heat was given to the system in order to initiate the
polymerization which took place at 95 °C and 3 hrs. The nanocomposite which was
obtained at the end of polymerization was poured into aluminum molds and dried at
90 °C for 18 hrs. The nanocomposite was ground and prepared in powder form for

the use in injection molding process.

3.4.3 Masterbatch with Extrusion Method

This technique was basically composed of two methods that are in-situ
polymerization and melt blending. In initial stage, a concentrated mixture of PS-
BNNT (masterbatch) was prepared. PS with high loading of BNNTs was synthesized
using in-situ polymerization method. In the preparation of masterbatch, same
procedure given for in-situ polymerization method was followed. At the end of
polymerization, composite containing high amount of BNNTs was casted into
aluminum molds and dried at 90 °C for 18 hrs. The concentrated composite was
ground and prepared in powder form before extrusion. In the second part of
masterbatch with extrusion method, a mixture of commercial PS and masterbatch in
powder form was prepared in the extruder at desired compositions such as 0.5%, 1%
and 3%. The mixture was fed from primary feeder of twin screw extruder by using
same process condition reported in the melt blending method. The extrudate was
taken from die and cooled down by using water bath. Finally, extrudate was ground
into the pellet form to use in the injection molding process for characterization

purpose.
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All composites prepared by different methods in this study were given in Table 3.6.

For simplicity, two different code names were given to the materials,
MPS + W

where M indicates the initials of preparation methods of nanocomposite. M
represents the ME for the masterbatch with extrusion method, ISP is the initials of in-
situ polymerization, and E denotes the extrusion method. By the way, cPS represents
the commercial polystyrene used in extrusion process. W denotes weight percentage
of BNNTs in the composites. BULK-sPS and SOL-sPS denote polystyrene
synthesized via bulk and solution polymerization methods, respectively. The
synthesis conditions of bulk polymerization are given in different format.

M-sPS-X-Y-Z

where X, Y, and Z denotes the reaction temperature (°C), polymerization reaction
time (hrs) and initiator (mol/L) concentration, respectively.
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Table 3.6 Composition of all composites and their synthesis parameters

Polymer Synthesis Composition (wt%o)

Synthesis & Composite Conditions
Processing Name (Type-Temperature— | PS BNNTSs
Techniques Time-Initiator

Concentration)

Synthesis via
Bulk BULK-sPS 100 -

Polymerization

ME-PS 100 -
Masterbatch | ME-PS +0.5 BULK-sPS-05-3- 99.5 0.5
with extrusion | ME-PS+1.0 | o1 99 1
(ME) ME-PS +3.0 97 3
In-Situ
Polymerization | ISP-PS + 0.5 99.5 0.5
(ISP)
Extrusion E-cPS 100 -
(E) E-cPS+05 ) 99.5 05

3.5 Sample Preparation for Characterization

3.5.1 Injection Molding

DSM Xplore laboratory scale (10 cc) injection molding equipment was used for
molding the specimens in order to use for characterization purpose. The photography
of this equipment is shown in Figure 3.9. Two specimens which were tensile and
impact samples were obtained in each operation of molding. Tensile and impact test
specimens were in the dog bone shape and in the form of rectangular shape,
respectively. Pressure cylinder unit with piston assembled helps to inject polymer

melt inside the barrel into the steel mold.
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Figure 3.9 DSM Xplore injection molding.

Before molding the samples, both synthesized pure PS in powder form and
polystyrene-BNNT composite pellets were dried overnight at 80 °C. The dried
materials were put into barrel by using spoon and kept in the barrel in order to be
melted for 3 mins. Molten polymer was injected into a steel mold with a pressure of
13 bars. During the molding process, melt and mold temperatures were 200 and 90

°C, respectively.

3.6 Characterization Studies

3.6.1. Characterization of Polymerization of Styrene

Determination of chemical structure of synthesized PS and its molecular weight was
the main points of PS synthesis characterization studies. Chemical compositions of
synthesized materials were analyzed by FTIR analyses. It was very helpful technique
to prove whether the PS was synthesized or not. Also, it was given a chance about

comparison of synthesized PS FTIR spectrum with commercial PS.

Molecular weight distribution of synthesized PS was mainly determined by viscosity
average molecular weight and gel-permeation chromatography (GPC) technique.
Melt flow index (MFI) was another option to obtain information molecular weight of
PS. The molecular weight of synthesized PS was also compared with commercial PS

using these molecular weight determination techniques.
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3.6.1.1 Fourier Transform Infrared (FTIR) Spectroscopy

ATR-FTIR Spectroscopy analysis was carried out to analyze the chemical
composition of synthesized PS and the nanocomposites. IR- Prestige-21 Shimadzu
instrument was used for understanding the chemical structure of materials.
Synthesized PS and their nanocomposites were detected between wavenumbers from
650 cm™ to 4000 cm™.

3.6.1.2 Measurement of Molecular Weight

3.6.1.2.1 Viscosity Average Molecular Weight (M,)

Viscosity average molecular weight analysis was aimed to measure viscosity of
dilute polymer solutions. Dilute synthesized PS solutions were prepared from 1 g/dl
to 0.2 g/dl. Flow times of the solutions were measured at 30 °C using a Ubbelohde
viscometer. Inherent and reduced viscosities were plotted relative to concentration of
solutions to find intrinsic viscosity. The viscosity average molecular weight of
synthesized PS was calculated using intrinsic viscosity in Mark-Houwink equation
[20].

3.6.1.2.2 Gel Permeation Chromatography (GPC)

GPC was one of the most common methods to determine the molecular weight
distribution of polymers. GPC analyses were performed using Agilent Technologies
1200 series. ELSD (Evaporative Light Scattering Detector) and ZORBAX PSM 300-
S column (6.2x250 mm with 5 p size of particles) were used in these analyses.

Measurable molecular weight was ranging from 3000-300.000 in the column.

Tetrahydrofuran (THF) was used to dissolve polymer samples in order to prepare for
analyses. During the experiment, the temperature of the column was held constant at
room temperature and the flow rate of the eluent (THF) was 0.6 mL/min. The
calibration curve was determined using PS standards with different molecular
weights (M,: 3950, 10210, 29510, 72450, 205000, 467000).
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3.6.1.3 Melt Flow Index (MFI) Measurement

Melt flow index (MFI) measurement was carried out according to the procedure
identified in ASTM D1238-79 using an Omega Melt Flow Indexer. The experiment
was carried out at a temperature of 200 °C using 5 kg polymer load. The weight of
polymer melt which passes through the die in 10 seconds was obtained. At least five
measurements of each sample were taken to get more accurate result. The MFI value

was reported in grams/10 min.

3.6.2 Characterization of Purified BNNTSs

Crystalline structure, morphology, and physical properties of purified BNNTs were
characterized using XRD, BET and SEM methods. XRD was the technique to obtain
information about crystalline phase which exits in BNNTs. Surface area
measurement was used to determine physical properties of synthesized BNNTSs like
surface area, total pore volume and average pore size distribution. SEM method was

used to obtain information about surface morphology of purified BNNTS.

3.6.2.1 X- Ray Diffraction (XRD)

Rigaku X-Ray diffractometer was used to determine crystalline phases in the BNNT.
CuK,, radiation source was used. Bragg angle range was from 20° to 90° with a
scanning rate of 1°/min. Voltage and current was held at 40 kV and 40 mA,

respectively.

3.6.2.2 Surface Area Measurement

Multi-point BET surface analysis of purified BNNTs was performed using a
Micromeritics TriStar 1. The material was dried at 110 °C overnight and degassed
for 45 minutes. The main reason for degassing was to remove moisture and other

possible adsorbed gases in the pores of the material.

Nitrogen adsorption/desorption isotherms of the BNNT were obtained at a relative

pressure range of 5x107 to 0.99 at liquid nitrogen temperature.
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3.6.2.3 Scanning Electron Microscopy (SEM)

Quanta 400 F Field Emission Scanning Electron Microscope was used to monitor the
surface morphology of purified BNNTs. Before examining the surface of the
BNNTSs, the sample was coated with gold-palladium alloy to become electrically

conductive.

3.6.3 Characterization of PS-BNNT Composites
3.6.3.1 Morphological Analysis

3.6.3.1.1 Scanning Electron Microscopy (SEM)

Powder form of synthesized PS and impact fracture surfaces of PS/BNNT
composites were examined using a Quanta 400 F Field Emission Scanning Electron
Microscope in order to monitor surface morphology. It was necessary to examine the
dispersion of BNNTSs in the polymer matrix and failure mechanisms of the materials.
The surface of synthesized materials and the nanocomposites were coated with gold-

palladium alloy to get an electrically conductive surface.

3.6.3.2 Mechanical Analysis

Tensile and impact tests were performed to observe the effect of BNNT loading on

mechanical properties of the composites.

3.6.3.2.1 Tensile Test

Shimadzu AG-IS 100 kN testing machine was used for tensile test. Stress-strain
curves were obtained for each PS-BNNT composite based on the standards of 1SO-
527. Tensile test specimen and their dimensions are given in Figure 3.10 and Table

3.7, respectively.
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Figure 3.10 Tensile Test Specimen.

Table 3.7 Dimensions of the tensile test specimen

Dimension Value (mm)
L- Overall Length 72
D- Distance between grips 40
Lo- Gauge length 30
W- Width of narrow portion 4
Thickness 2

The crosshead speed (rate of strain) was set to 3 mm/min for all composites. A small
gap was formed in injection molded tensile test specimen while removing the
specimens from steel mold. Therefore, one side of specimen was coated with play
dough. Distance between the clamped points of tensile specimens was adjusted to 30
mm. The test was carried out at 23 °C and conducted until the specimen fails. Tensile
strength, Young’s modulus and elongation at break values were calculated as the

average of at least five specimens with standard deviations.

3.6.3.2.2 Impact Test

Ceast Resil Impactor was used to perform the un-notched charpy impact test.
Dimensions of samples are 80x10x4 mm according to 1SO 179. Photograph of device
is given in Figure 3.11. Each composition was tested at 23 °C and values of all
composite results were calculated by taking at least the average of five

measurements.
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Figure 3.11 Ceast Resil Impactor.
3.6.3.3 Thermal Analysis

Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA)
characterization techniques were used in order to determine the effect of BNNT
addition on thermal properties of the glass transition and thermal stability on the

composites, respectively.

3.6.3.3.1 Differential Scanning Calorimetry (DSC)

A Shimadzu DSC-60 differential scanning calorimeter was used in order to observe
the glass transition temperature (Tg) of polystyrene and PS based composites. The
sample was heated from 20 °C to 250 °C with a heating rate of 10 °C/min, and then
cooled to room temperature, and heated to 250 °C again. The experiment was
performed under nitrogen atmosphere. The samples were cut from tensile test

specimen.
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3.6.3.3.2 Thermal Gravimetric Analysis (TGA)

In this study, a Shimadzu DTG-60/60H was used to see thermal stability behavior of
PS and PS-BNNT composites. The samples were heated from 20 °C to 700 °C with a
constant heating rate of 10 °C/min, under nitrogen atmosphere with a flow rate of 70

ml/min. TGA specimens were also cut from the tensile test specimen.
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CHAPTER 4

RESULTS AND DISCUSSION

This section of the thesis is considered under three main parts. In the first part, PS
synthesis using solution and bulk polymerization techniques is taken into account
together with its characterization in terms of FTIR, viscosity average molecular
weight (M,), GPC, and MFI analyses. The synthesized PS is also compared with
commercial PS to see whether or not they possess the same structure and properties.
The second part is related to the synthesis of BNNTs from the reaction of ammonia
gas with the powder mixture of elemental boron and iron oxide, and its purification.
This part also concentrates on the characterization of purified BNNTs by XRD,
surface area measurement and SEM analyses. In the last part, preparation of
masterbatch which is a concentrated mixture of PS-BNNTs obtained through
polymerization of styrene monomer containing high amount of BNNTSs is studied.
Mixing of masterbatch with commercial PS is mainly focused to obtain PS-BNNT
composites at desired compositions mentioned in Table 3.6. They are also
characterized with respect to their morphology, mechanical, and thermal properties.
Composite preparation techniques in terms of masterbatch with extrusion, in-situ
polymerization and extrusion are also taken into account at a selected BNNT loading.
These three preparation methods are compared in terms of the properties mentioned

above.
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4.1 Polystyrene Synthesis and Characterization

4.1.1 Effect of Synthesis Parameters in Solution Polymerization Technique on
Molecular Weight of PS

As it is mentioned before, first solution polymerization method was used to
synthesize PS (SOL-sPS). In order to determine the best conditions for PS synthesis,
solution polymerization experiments were conducted at different polymerization
reaction times (1.5 to 9 hrs) in the presence or absence of solvent. During these
experiments, polymerization temperature and initiator concentration were kept
constant at 95 °C and 0.03 mol/L, respectively. Synthesis of high molecular weight
PS is the main concern of this study. High molecular weight PS which is close to the

molecular weight of commercial PS is also needed.

Table 4.1 gives the viscosity average molecular weight of synthesized PS with
respect to the reaction time in the presence or absence of solvent. Calculations of
intrinsic viscosities of synthesized polymers and the values obtained through these
calculations are given in Appendix A. It is noted that measurement of viscosity
average molecular weight is directly related with intrinsic viscosity [n] of polymer
solution. Molecular weight of the polymer in solution, the polymer-solvent system
and the temperature are the main parameters affecting the intrinsic viscosity [21]. It
is the easiest and rapid technique to get information about the molecular weight of
synthesized polymer [53]. Therefore, it is selected as a primary method to determine

molecular weight of synthesized polymers via solution polymerization technique.

As can be seen in Table 4.1, viscosity average molecular weight of synthesized
polystyrene in the presence of solvent is extremely low at each reaction time. The
main reason is that solvent lowers the viscosity of medium. In other words, increase
in viscosity during polymerization is affected negatively due to the use of solvent
[53]. Furthermore, solvent decreases the polymerization rate and average chain
length of polymer. Chain transfer occurs during polymerization, and solvent acts as a
chain transfer agent leading to obtain shorter chains [21]. Therefore, extent of
branching and molecular weight distribution (MWD) of synthesized polymers are

restricted because of using solvent in the polymerization.
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Table 4.1 Viscosity average molecular weight of SOL-sPS with respect to
polymerization reaction time at a polymerization reaction temperature of 95 °C and

initiator concentration of 0.03 mol/L.

Polymerization 3 Polymerization
trxn (NIS) M, (*107) )
Run Medium
1 1.5 51.6
2 3 64.0
3 5 31 with solvent
4 9 41.8
5 3 239.7 without solvent

It can also be seen from Table 4.1 that, the molecular weight of PS at a
polymerization reaction time of 3 hrs in the presence of solvent is higher than the
others. Therefore, this criterion is selected as the best parameter for the solution
polymerization. The best synthesis conditions among tested parameters for PS

production using solution polymerization technique are summarized in Table 4.2.

Table 4.2 The best synthesis conditions for PS production via solution

polymerization.

Polymerization Polymerization Polymerization Initiator
Type Reaction Reaction Concentration
Temperature Time (mol/L)
(°C) (hrs)
Solution
95 3 0.03

Polymerization

Because of the low molecular weight of synthesized PS, polystyrene synthesis was
performed in the absence of solvent at the optimum synthesis conditions of solution

polymerization technique.
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It is observed that the molecular weight of PS synthesized at a polymerization
reaction time of 3 hrs is almost six times higher than that of solution polymerization.
Therefore, the effect of synthesis parameters in bulk polymerization on molecular
weight of PS is studied subsequently in order to obtain higher molecular weight of
synthesized PS which is close to commercial PS (cPS).

4.1.2 Effect of Synthesis Parameters in Bulk Polymerization Technique on
Molecular Weight of PS

By taking into account the tested parameters in solution polymerization and the aim
of this study, polymerization time and initiator concentration in bulk polymerization
were changed in order to obtain high molecular weight PS which is close to

commercial one.

4.1.2.1 Effect of Polymerization Reaction Time on Molecular Weight of PS

Polymerization reaction time was changed from 1.5 hrs to 6 hrs in order to observe
the effect of reaction time on the molecular weight of PS in bulk polymerization.
During the experiments, polymerization reaction temperature and initiator
concentration were kept constant at 95 °C and 0.03 mol/L, respectively. Synthesized
PS using bulk polymerization technique (BULK-sPS) and commercial PS (cPS) are
compared in terms of viscosity average molecular weight (M,) and MFI values given
in Table 4.3. The molecular weight of BULK-sPS was compared with that of cPS.
Calculation of intrinsic viscosity values of both BULK-sPS and cPS and their plots
which are related to inherent and reduced viscosity as a function of concentration are

given in Appendix B.

As seen from Table 4.3, when the polymerization reaction time is changed from 1.5
to 3 hrs, the viscosity average molecular weight of BULK-sPS increases from
146200 to 173200. After 3 hrs, a slight decrease is observed for viscosity average
molecular weight. It can be explained that free radical polymerization is highly
exothermic reaction. The heat dissipation occurs especially for this type of
polymerization. Therefore during polymerization, the viscosity of medium increases

rapidly. The viscosity and exothermic effects limit the termination rate of free radical
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polymerization. This means that the rate of termination becomes lower than the
propagation rate [20]. For this reason, the molecular weight of BULK-SPS either
slightly decreases or remains constant at certain polymerization time. Hence, a 3 hr
polymerization reaction time in bulk polymerization is decided to be used in PS
synthesis.

Table 4.3 Viscosity average molecular weight and MFI test results of both cPS and
BULK-sPS synthesized using an initiator concentration of 0.03 mol/L at a reaction
temperature of 95 °C and at different reaction times.

Polymerization MFI
trxn (NIS) My (*107%) _
Run (9/10 min)
1 1.5 146.2 47.2
2 3 173.2 39.3
3 6 161.9 -
cPS - 169.8 19.7

Although the viscosity average molecular weight of BULK-sPS synthesized at this 3
hr polymerization reaction time is much closer to that of cPS, the exact value of
molecular weight cannot be finalized using this measurement technique [53].
Another measurement technique is essential to make assessment for the effect of
polymerization reaction time on the molecular weight of PS synthesized through bulk
polymerization. Therefore, Melt Flow Index (MFI) test was carried out to gather
more information about the viscosity and molecular weight of polymer. MFI value is
inversely proportional to viscosity or molecular weight of polymer. This means that
MFI value decreases with increasing molecular weight of polymer [57]. The last
column of Table 4.3 represents the MFI results of both cPS and BULK-sPS
synthesized at different reaction times. Nevertheless the MFI value for BULK-sPS at
a polymerization reaction time of 6 hrs was not available because the measurement
could not be performed due to very low amount of PS obtained in the polymerization
reaction. As can be seen from Table 4.3, the MFI values of BULK-sPS are much
higher than that of cPS. This shows that the molecular weight of BULK-sPS is much

lower than the cPS. The MFI test results help to make qualitative comparison for the
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results of viscosity average molecular weight. Among these reaction times, 3 hr
reaction time is selected as the best reaction time due to the fact that the viscosity
average molecular weight of BULK-sPS is close to that of cPS. Even if the viscosity
average molecular weight value of BULK-sPS is very close to cPS, it is not easy to
make exact conclusions on the molecular weight of BULK-sPS. Therefore, the
synthesis parameter was changed to observe the effect of initiator concentration on
the molecular weight of PS.

4.1.2.2 Effect of Initiator Concentration on Molecular Weight of PS

After determination of polymerization time as 3 hrs, this initiator concentration was
varied in the range of 0.01 and 0.03 mol/L in the polymerization medium.
Polymerization reaction time of 3 hrs and polymerization reaction temperature of 95
°C were kept constant throughout these experiments. As it is mentioned before, the
molecular weight of BULK-sPS was aimed to be same as the molecular weight of
cPS. Therefore, three different techniques which are viscosity average molecular
weight, MFI, and GPC measurements were used to make a more accurate

comparison between molecular weights of the BULK-sPS and cPS.

Table 4.4 shows the viscosity average molecular weight and MFI results of BULK-s
PS synthesized using different initiator concentrations at constant polymerization
reaction time and temperature. Calculation of viscosity average molecular weight for
BULK-sPS synthesized using different initiator concentrations and the related plots

used in the calculation are also given in Appendix B.

It is observed from Table 4.4 that the viscosity average molecular weight of BULK-
sPS reaches the desired molecular weight at an initiator concentration of 0.01 mol/L.
The viscosity average molecular weights of BULK-sPS are approximately in the
same order of magnitude with cPS. The same behavior is also observed in optimizing
the reaction time. It is notable that the MFI results of BULK-sPS decrease with a

decrease in initiator concentration.
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Table 4.4 Viscosity average molecular weight and MFI test results of both cPS and

BULK-sPS synthesized at different initiator concentrations at constant reaction

temperature of 95 °C and time of 3 hrs.

Initiator
Polymerization Concentration My (*10°) MF
Run (mol/L) (¢/10 min)
1 0.03 171.3 39.2
2 0.02 171.7 31.7
3 0.01 220.1 20.3
cPS - 169.8 19.7

The lower MFI value indicates the higher molecular weight of polymer. Based on
this approach, the MFI value of BULK-sPS obtained at 0.01 mol/L initiator
concentration is very close to that of cPS. It can be said that the rate of initiation step
in free radical polymerization is directly related with initiator concentration and
initiator efficiency [55]. Therefore, initiator concentration itself is the main
parameter of the rate of initiation step [20]. If the initiator concentration is decreased,
the rate of polymerization becomes slower and the number of free-radicals becomes

less. This situation leads to increase in molecular weight of the polymer [87].

After studying the effect of initiator concentration on molecular weight of PS using
viscosity average molecular weight and MFI analyses, the additional method is
needed to make a more accurate comparison between molecular weights of
synthesized and commercial PS. Therefore, Gel Permeation Chromatography (GPC)
method was used to determine both number average and weight average molecular
weights of BULK-sPS.

Table 4.5 represents molecular weights of both BULK-sPS samples and cPS via
GPC. Molecular weight distribution curves of both BULK-sPS and cPS are given in
Appendix C. It is observed that polydispersity index of all BULK-sPS are larger than
that of cPS. The main reason is that the synthesized PS via bulk polymerization

exhibits broad molecular weight distribution which indicates that the molecular
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weight of chains varies in a wide range [88,53]. When the change of molecular
weight of BULK-sPS with respect to initiator concentration is taken into account, the
number average and weight average molecular weights of BULK-SPS increase with a
decrease in initiator concentration. The results of viscosity average molecular weight
and MFI of BULK-sPS with respect to initiator concentration are ensured with GPC
results. Hence, it can be said that the number and weight average molecular weights
of BULK-sPS at 0.01 mol/L concentration are in the same order of magnitude with
the cPS and the closest values to those of cPS, respectively.

Table 4.5 GPC results of both cPS and BULK-sPS synthesized at different initiator
concentrations and at constant polymerization reaction temperature of 95 °C and time
of 3 hrs.

Initiator
Polymerization | Concentration | M, (*10%) | M, (*107%) PDI
Run (mol/L) (Mw/My)
1 0.03 50.8 169.8 3.34
2 0.02 70.8 265.4 3.74
3 0.01 99.5 273.8 2.75
cPS - 143.2 278.0 1.94

The best synthesis conditions for PS production with the desired molecular weight

via bulk polymerization are shown in Table 4.6.
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Table 4.6 The best synthesis conditions for PS production via bulk polymerization.

Polymerization Polymerization Polymerization Initiator
Type Reaction Reaction Concentration
Temperature Time (mol/L)
(°C) (hrs)
Bulk Polymerization 95 3 0.01

4.1.3 Characterization of Synthesized PS
4.1.3.1 Fourier Transform Infrared (FTIR) Analysis

Polystyrene synthesized using two polymerization techniques based on the best
synthesis conditions given in Tables 4.2 and 4.6 was characterized. FTIR analysis is
a reasonable way to determine the chemical structure of the synthesized materials.
Figure 4.1 gives FTIR spectra of synthesized PS and commercial PS (cPS). FTIR
spectra of all synthesized PS samples that are used in parameter optimization for
different polymerization techniques are given in Appendix D. FTIR spectrum of

styrene monomer is also included in Appendix D.

The peaks which are observed at wavenumbers of 1492 cm™ and 1600 cm™ are
related with benzene ring modes [52]. These two peaks signify the presence of
benzene ring which is attached to the carbon atom in the chemical structure of
polystyrene. The peaks observed at wavenumbers of 2846 cm™ and 2920 cm™ are
associated with CH, symmetric and asymmetric stretching, respectively. The peak
observed at 906 cm™ also belongs to aromatic C-H stretching [89]. Furthermore, one
of the major peaks detected at a wavenumber of 1450 cm™ signifies the CHs;
asymmetric bend. The peak observed at 3024 cm™ indicates the aromatic C-H
stretching [52]. The main difference between the molecular structure of styrene and
polystyrene is the double bond between carbon atoms in the styrene structure which

appears at the wavenumber of 1627 cm™.
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As this specified peak of styrene is not detected for both synthesized and cPS in
Figure 4.1, it can be said that polystyrene synthesis is completed through these
synthesis conditions. For the other synthesized PS samples, same spectra are
observed (Figures D.1-D.4 in Appendix D).
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Figure 4.1 FTIR spectra of polystyrene synthesized at the optimum conditions using
solution and bulk polymerization methods.

4.1.3.2 X-Ray Diffraction (XRD) Analysis

XRD analysis of the synthesized PS was carried out between 20 values of 5° and 40°.
Figure 4.2 shows XRD pattern of synthesized PS based on the best synthesis
conditions which are given in Tables 4.2 (SOL-sPS) and 4.6 (BULK-sPS). XRD
pattern of commercial PS (cPS) is also shown in Figure 4.2 to compare its pattern

with the synthesized PS samples. XRD patterns of the other synthesized PS are also
given in Appendix D.

It can be seen from Figure 4.2 that, XRD patterns of both PS synthesized from
different polymerization techniques and commercial PS are similar to each other.

The broad and unique peak which is observed at 20 angle of 20.5° shows the
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amorphous structure of polystyrene [90]. Same XRD patterns are observed for the
other synthesized PS samples (Figures D.6-D.9 in Appendix D).
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Figure 4.2 XRD patterns of polystyrene synthesized at optimum conditions using

solution and bulk polymerization methods.

4.2 Synthesis, Purification and Characterization of BNNTSs

In the previous studies, Ozmen et al. [44] synthesized BNNTs by the reaction of
ammonia gas with a powder mixture of boron and iron oxide at a reaction
temperature of 1300 °C and a B/Fe,Oz weight ratio of 15/1. Then, Demir improved
the synthesis condition for BNNT production by changing initial powder mixture
amount to 0.8 g and inlet ammonia flow rate to 125 cm®min at constant reaction
temperature and time [11]. In the present study, the optimum synthesis conditions

obtained from these studies were used in the synthesis of BNNTSs (Table 4.7).
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Table 4.7 Synthesis conditions for BNNT synthesis [11,44].

Production Initial B/Fe,0;3 Reaction Reaction Ammonia
Parameter Weight weight  Temperature Time Inlet flow
(9) ratio (°C) (hrs) rate
(cm®min)
Value 0.8 15 1300 2.15 125

The color of synthesized BNNT is white-gray and in one batch amount of as-
synthesized material is in the range of 1.2 and 1.4 g. The produced amounts and
visual appearance of BNNTS are affected by the concentration of ammonia gas inside
the furnace and the diffusion of ammonia into the powder mixture of reactants [11].
Therefore, the ammonia inlet flow rate should be kept constant throughout the
experiment in order to obtain approximate amount of BNNTs. The grayish

appearance of BNNTSs signified the existence of unreacted boron and iron oxide.

To remove these impurities, which are unreacted boron and iron oxide, from the
synthesized product, the as-synthesized was purified. Based on the purification
procedure, amount of purified BNNT is approximately half of the as-synthesized

material amount.

4.2.1 X-Ray Diffraction (XRD) Analysis

In this study, the reproducibility and also purification of synthesized BNNTSs are
important concerns for the further usage of BNNTSs in the composite preparation.
Same properties are expected from each batch of purified BNNTs. A typical XRD
pattern of purified BNNTSs is shown in Figure 4.3.
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Figure 4.3 XRD pattern of the purified BNNTS.
Peaks observed at 20 values of 26.5° 42.1° 53.9° 76.2°, 82.4° indicate hexagonal

boron nitride. The main characteristic peak of iron oxide (Fe;03) is shown at 26
angles of 33.1°. In Figure 4.3, the characteristic peak of iron oxide is not seen in the
purified BNNTs. Therefore, the crystalline structure contains mainly hexagonal
boron nitride. Same XRD patterns were observed for purified BNNT samples

synthesized at different batches.

4.2.2 Surface Area Measurement

Figure 4.4 shows the nitrogen adsorption/desorption isotherms of the purified
BNNTSs. Full dots represent the adsorption of nitrogen molecules by BNNTs sample.

Empty dots show the desorption of nitrogen molecules from the purified sample.

Based on the classification of BDDT (Brauner, Deming, Deming, Teller), the
isotherm of purified BNNTSs correspond to Type Il isotherm which occurs only if the
material is porous or nonporous powders in which their pore diameters are larger

than those of micropores [91].

81



Lid
LA
]

* Adsorption

Ll

[

[
]

teeenilly
3

0 Desorption

[
LA
]

]

La X 2

*ay

Volume of Adsorbed Nitrogen {cefg)

> L]

rrrrrrrrrrrrrrirr1r1rrirr 1T r 1T rrrrrirTrTrTrT
0**

-
T LLLL B

|:I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 o1 02 03 04 05 06 07 08 09 1
Relative Pressure (P/Py)

Figure 4.4 Adsorption/desorption isotherms of purified BNNTSs.

A hysteresis is seen at a relative pressure of 0.44 for the purified nanotubes. Based on
the De Boer hysteresis classification, the hysteresis of purified BNNTs can be
matched with both Type A and Type B. Type A hysteresis shows the formation of
cylindrical pore channels in the material. Type B hysteresis shows the existence of

slit shaped pores or the space between parallel plates [92].

Type A hysteresis is explained by the existence of the hollow cylindrical shape in
nanotubes. Type B hysteresis is probably related to voids which are formed between

multiwall nanotubes.

Multi-point BET surface area of purified BNNT is found to be 114.1 m%/g. On the
other hand, the surface area of the as-synthesized BNNTSs without purification is 16.8
m?/g [11]. As the synthesized BNNTSs are purified, the surface area of material
increases tremendously. Total pore volume of purified BNNTs is found as 0.51

cm/g.
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The pore size distribution of purified BNNTSs given in Figure 4.5 is relatively broad.
This means that, the main peak is observed at 98 A indicates the average mesopore
diameter. On the other hand, small peaks detected at 78 A and around 120 A shows

non-uniform nanotube diameter.
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Figure 4.5 Desorption pore size distribution of purified BNNTSs.
4.2.3 Scanning Electron Microscopy (SEM) Analysis

SEM analysis was performed to understand the surface morphology of purified
BNNTs. The SEM images of purified BNNTSs are given in Figure 4.6. As it is seen
from Figure 4.6, the purified BNNTSs are agglomerated because of the entanglements
of nanotubes during the growth stage [44]. The tendency to agglomeration can be
explained by two different aspects; (i) low bending stiffness, (ii) high aspect ratio of
the nanotubes [93].
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Figure 4.6 SEM images of the purified BNNTs (a) 10,000x magnification, (b)
20,000x magpnification, (c) 50,000x magnification, (d) 100,000x magnification, and

(e) another view of the sample at 50,000x magnification.

84



4.3 Preparation and Characterization of PS-BNNTs Composites

Three different preparation methods which are masterbatch with extrusion, melt
blending and in-situ polymerization were used to obtain the nanocomposites. First,
masterbatch with extrusion method was applied in order to prepare PS-BNNT
composites at 0.5, 1 and 3 wt% of purified BNNTs. Morphology, mechanical and
thermal properties of these composites were investigated. Also, the effects of
composite preparation methods on morphology and physical properties of PS-BNNT
composites were studied through the comparison of these techniques at 0.5 wt%
BNNT loading.

Scanning electron microscopy (SEM), tensile and impact tests, differential scanning
calorimetry (DSC) and thermal gravimetric analyses (TGA) were used in order to
characterize the PS-BNNT composites. As mentioned before, compositions of all the
composites prepared by different preparation methods are given in Table 3.6.

4.3.1 Scanning Electron Microscopy (SEM) Analysis

Scanning Electron Microscopy is usually preferred in order to observe the dispersion
of the nanotubes throughout the polymer matrix. Impact fractured surface of neat PS
and the prepared composites were used to observe the surface morphology of the

samples.

SEM photographs of neat PS (BULK-sPS) synthesized under the best synthesis
conditions and commercial polystyrene (cPS) at magnifications of x1000 and x10000

are shown in Figures 4.7 and 4.8, respectively.

As seen in Figures 4.7 and 4.8, both synthesized and commercial polystyrene have
similar sharp propagation lines because of their brittle nature. Zigzagged or tortuous
lines do not exhibit in such polymers. Crack propagation may be enhanced due to the
homogeneous structure of neat PS. Also, this situation causes fracture of PS with a

small amount of energy [94].
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Figure 4.7 SEM images of the BULK-sPS under the best synthesis conditions (a)
1,000x magnification, and (b) 10,000x magnification.
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Figure 4.8 SEM images of the cPS (a) 1,000x magnification, and (b) 10,000x

magnification.
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The SEM images of neat PS and PS-BNNT composites prepared by masterbatch
with extrusion method at 0.5, 1 and 3 wt.% BNNT loadings are given in Figures 4.9-
4.12. Figure 4.9 shows the impact fractured surface of neat PS which is the
combination of the synthesized and commercial PS. Similar sharp propagation lines
observed from Figures 4.7 (a) and 4.8 (a) are also seen in Figure 4.9 due to the brittle
nature of PS.

ST AR /A

v n det | spo —— 10 ym
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Figure 4.9 SEM images of neat PS prepared by masterbatch with extrusion method

(a) 1,000x magnification, and (b) 10,000x magnification.

Although higher magnifications are used to observe the nanotubes in the polymer
matrix, it is usually difficult to detect these nanotubes at 0.5 wt% BNNT loading. As
seen in Figure 4.10, the bright dots are attributed to BNNTSs inside the polymer
matrix. BNNTs at 1.0 wt% and 3.0 wt% are seen in Figures 4.11 and 4.12,
respectively. It can be said that, the nanotubes at 0.5 wt% loading are dispersed more
homogeneously in the polymer matrix when compared with those of 1 and 3 wt%
loadings. In other words, when the fractions of BNNTSs are increased in the polymer
matrix, the possibility of agglomeration increases remarkably because of the
interactions among the nanotubes [13]. As it is seen in Figure 4.6 given before,

purified BNNTSs have high tendency for agglomeration.

Therefore, a large aggregate of BNNTSs in the polymer matrix is observed in Figure

4.12 (a) at lower magnification.
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Figure 4.10 SEM images of PS-BNNT composites prepared by masterbatch with
extrusion method at 0.5 wt% BNNTs (a) 1,000x magnification, (b) 10,000x

magnification, (c) 20,000x magnification, and (d) 50,000x magnification.
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Figure 4.11 SEM images of PS-BNNT composites prepared by masterbatch with
extrusion method at 1.0 wt% BNNTs (a) 1,000x magnification, (b) 10,000x
magnification, (c) 20,000x magnification, and (d) 50,0000x magnification.
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Figure 4.12 SEM images of PS-BNNT composites prepared by masterbatch with
extrusion method at 3.0 wt% BNNTs (a) 1,000x magnification, (b) 10,000x

magnification, (c) 20,000x magnification, and (d) 50,000x magnification.
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In order to compare the effect of preparation method on the morphology of PS-
BNNT composites, SEM images of the composites containing 0.5 wt% BNNTSs
prepared by in-situ polymerization and extrusion method are shown in Figures 4.13
and 4.14, respectively. Based on the mechanical test results which will be discussed
later, the composite with 0.5 wt% BNNTSs prepared by masterbatch with extrusion
method is selected as the reference composite in order to make this comparison

mentioned above.

Figures 4.13 and 4.14 show that the inclusion of BNNTSs into the polymer matrix
using two different preparation methods results in the imperfect dispersion in the
matrix although low concentration of BNNTSs is used. As seen from Figure 4.10,
interfacial adhesion between the polymer matrix and nanotubes for the composite
prepared by masterbatch with extrusion method yields better dispersion of the

nanotubes in the matrix.
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Figure 4.13 SEM images of PS-BNNT composites prepared by in-situ
polymerization method at 0.5 wt% BNNT (a) 10,000x magnification, (b) 20,000x
magnification, (c) 50,000x magnification, and (d) 100,000x magnification.
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Figure 4.14 SEM images of PS-BNNT composites prepared by extrusion method at
0.5 wt% BNNT (a) 1,000x magnification, (b) 10,000x magnification, (c) 20,000x

magnification, and (d) 50,000x magnification.
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4.3.2 Mechanical Analysis

In order to investigate the mechanical properties of the composites and neat PS,
tensile and impact tests were applied to the materials. Tensile and impact test results
of all the composites and neat PS are given in Appendix E.

4.3.2.1 Tensile Test

Tensile test was carried out to obtain stress-strain behavior of the composites. Then,
mechanical properties such as tensile strength, Young’s modulus and elongation at
break values were obtained from these stress-strain curves of the composites.
Representative stress-strain curves of neat PS and all the composites which are

tabulated in Table 3.6 are shown in Appendix F.

Tensile properties of commercial PS (cPS), synthesized PS (BULK-sPS) and
extruded PS (E-cPS) are given in Table 4.8. Also, graphical representations of tensile
strength, Young’s modulus and elongation at break of all neat polystyrene’s are

shown in Figures 4.15-4.17, respectively.

As seen in Table 4.8 and Figure 4.17, elongation at break values are low for all the
PS samples. Although PS is a preferable material due to its easy processing and
transparency, the nature of PS is brittle and hard [32]. Its brittle nature leads to a low
elongation at break value. For this reason, PS is fractured easily with a small
deformation. As shown in Figure 4.15, the tensile strength value of BULK-sPS is
relatively lower than cPS. Even if there is an agreement between the molecular
weight of BULK-sPS with cPS in terms of the same order of magnitude, BULK-sPS
has a broad molecular weight distribution compared to cPS. This means that, BULK-
sPS has a relative amount of lower molecular weight chains than cPS. The existence
of lower molecular weight chains results in the lower tensile strength values [35]. In
Figure 4.16, the Young’s moduli of BULK-sPS and E-cPS are relatively high with

respect to cPS due to the restriction in chain mobility.
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Table 4.8 Tensile properties of cPS, BULK-sPS, and E-cPS.

Sample cPS BULK-SPS E-cPS
Property
Tensile Strength 45.6 22.7 30.7
(MPa)
Young’s Modulus 1319 1944.8 1806
(MPa)
Elongation at break 5.3 2.0 3.8
(%)
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Figure 4.15 Tensile strengths of PS samples. (cPS: commercial PS, BULK-sPS:

synthesized via bulk polymerization, E-cPS: extruded commercial PS).
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Figure 4.16 Young’s moduli of PS samples. (cPS: commercial PS, BULK-sPS:
synthesized via bulk polymerization, E-cPS: extruded commercial PS).
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Figure 4.17 Elongation at break of PS samples. (cPS: commercial PS, BULK-sPS:

synthesized via bulk polymerization, E-cPS: extruded commercial PS).

Tensile strength, Young’s modulus and elongation at break (%) of neat PS and PS-
BNNT composites prepared by masterbatch with extrusion method are presented in
Figures 4.18-4.20, respectively.
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Tensile properties of BULK-sPS, E-cPS and ME-PS are included in Figures 4.18
through 4.20 for comparison purposes. Standart deviations of the measurements in
tensile properties are also shown in the figures.

As seen in Figure 4.18, PS-BNNT composite with 0.5 wt% BNNTs (ME-PS+ 0.5)
exhibits higher tensile strength value than BULK-sPS, E-cPS and also neat PS
prepared by masterbatch with extrusion method (ME-PS). This is not surprising since
BNNT addition increases tensile strength of neat PS. When concentration of BNNT
is increased, the tensile strength decreases because of the poor dispersion of BNNTs
in the polymer matrix. At 0.5 wt% BNNT loading, load transfer from the nanotubes
to the matrix is much better when compared to that of the composites containing 1.0
and 3.0 wt% BNNTSs. Use of unmodified nanotubes in the polymer matrix results in
agglomeration inside the polymer matrix because of weak van der Waals forces
among the nanotubes. SEM images of purified BNNTs shown in Figure 4.6 support
this consequence. The uniformity of filler size is also important for better interfacial
strength between the polymer and nanotubes [95]. As a result, agglomeration of the
nanotubes may act as stress concentrated points in the polymer matrix affecting the

tensile strength negatively.

As it is seen in Figures 4.15-4.17, the mechanical properties of BULK-sPS are
generally affected from non-uniform molecular weight distribution obtained through
the synthesis. Also, it is known that masterbatch with extrusion method contains use
of synthesized PS (masterbatch) and commercial PS together which should improve
the adhesion in the polymer matrix. Therefore, tensile strength of ME-PS is higher
than the other forms of PS, namely BULK-sPS and E-cPS. When BNNTSs are added
to ME-PS, the adhesion between the nanotubes and the polymer matrix is enhanced
owing to the use of masterbatch in the preparation of the composite. This is not very
effective at higher BNNT loadings because agglomeration of the nanotubes become

dominant over the adhesion.
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Figure 4.18 Tensile strengths of neat PS and PS-BNNT composites containing 0.5, 1
and 3 wt% BNNTs. (BULK-sPS: synthesis via bulk polymerization, E-cPS:

Extrusion, ME-PS: Masterbatch with extrusion).

Figure 4.19 represents the Young’s modulus values of neat PS samples and PS-
BNNTs composites prepared by masterbatch with extrusion method. The Young’s
modulus of neat PS samples which are BULK-sPS, E-cPS and ME-PS decrease
significantly with the addition of 0.5 wt% BNNTs (ME-PS+0.5). When the BNNT
addition is increased from 0.5 wt% to 1 wt%, the Young’s modulus of ME-PS+1.0
increases to the value of E-cPS and with further increase to 3wt% BNNT, the
modulus starts to decrease. On the other side, the improvement in mechanical
properties of neat polymer in terms of modulus is not clear as in the trend of tensile
strength. In other words, the expected result is that the Young’s modulus of all
different forms of neat PS samples would increase dramatically at 0.5 wt% BNNTs
composite by considering tensile strength behavior. However, the relationship
between tensile strength and Young’s modulus is a complex phenomenon and they
are highly affected by the alignment of nanotubes, dispersion of nanotubes and types
of nanotubes. The poor alignment of the nanotubes along the loading direction may

affect the Young’s modulus negatively [96].
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Figure 4.19 Young’s moduli of PS and PS-BNNT composites containing 0.5, 1 and
3 wt% BNNTs. (BULK-sPS: synthesis via bulk polymerization, E-cPS: Extrusion,
ME-PS: Masterbatch with extrusion).

Elongation at break values of neat PS and PS-BNNTs composites are represented in
Figure 4.20. Percent elongation values of PS-BNNTs composites are shown to be
inversely related with the addition of BNNTS. In other words, the highest elongation
at break value is determined at 0.5 wt% BNNTs (ME-PS +0.5), then the value starts
to decrease with the addition of higher amounts of BNNTs (1 and 3 wt% BNNTS).
At these higher loadings, the test specimen fracture earlier than the others. Normally,
when rigid fillers like BNNTSs are added to a polymer matrix, the elongation at break
starts to decrease with increasing fraction of nanotubes. Surprisingly, if the good
adhesion is obtained between polymer matrix and nano-reinforcement, and if the
fracture path proceeds through particle to particle path rather than a perfectly smooth
fracture, the elongation at break value with respect to neat polymer may be enhanced
[62]. However, the lower elongation at break value when obtained at 1 and 3 wt%
BNNT loadings are probably due to the agglomeration of the nanotubes inside the

polymer matrix affecting the elongation at break values negatively.
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Figure 4.20 Elongation at break of PS and PS-BNNT composites containing 0.5, 1
and 3 wit% BNNTs. (BULK-sPS: synthesis via bulk polymerization, E-cPS:

Extrusion, ME-PS: Masterbatch with extrusion).

After completing the comparison of mechanical analysis of PS-BNNT composites
and neat PS, the effect of three preparation methods on mechanical behavior of the
composites containing 0.5 wt% BNNTS is investigated. Besides masterbatch with
extrusion method, in-situ polymerization and extrusion method are also taken into
account as mentioned before. The addition of BNNTSs into the polymer matrix has to
be at the same weight fraction in order to make a comparison about mechanical
properties of the composites. According to tensile strength result which is depicted in
Figure 4.18, the 0.5 wt.% BNNTs loading is determined to be used for the
subsequent preparations of the composites because a remarkable improvement is

observed at this concentration with respect to neat polystyrene samples.

Tensile strength, Young’s modulus and elongation at break (%) of PS-BNNT
composites prepared by masterbatch with extrusion method (ME-PS+0.5), in-situ
polymerization (ISP-PS+0.5) and extrusion (E-cPS+0.5) are given in Figures 4.21-
4.23, respectively.
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Figure 4.21 shows tensile strength of PS-BNNT composites prepared by three
different methods at 0.5 wt% BNNTSs. The highest tensile strength value is observed
for ME-PS+0.5 when compared to ISP-PS+0.5 and E-cPS+0.5. Tensile strengths of
PS-BNNT composite prepared through in-situ polymerization and extrusion
methods, are nearly the same. Without performing any surface modification on the
nanotubes, the extrusion method itself is not enough to disperse the nanotubes in the
polymer matrix if the interfacial interactions between polymer and filler are low [79].
Also, the agglomeration of BNNTSs in the polymer matrix is proved through SEM
images (Figure 4.14) for PS-BNNT composites prepared by extrusion method.
Therefore, the tensile strength value of the composite obtained from melt blending
method is relatively low due to agglomeration of the nanotubes inside the polymer
matrix. The preparation of PS-BNNT composites via in-situ polymerization method
is based on the synthesis of PS by adding appropriate amount of BNNTSs during the
synthesis. The molecular weight of composite is a crucial parameter in order to
evaluate the mechanical property of the composite. As it is mentioned before, the
molecular weight distribution of synthesis polystyrene (BULK-sPS) is relatively
broad with respect to commercial PS (cPS). The existence of lower molecular weight
of chains in the composite affect the mechanical properties. Hence, tensile strength
of the composite prepared via in-situ polymerization (ISP-PS+0.5) is lower than the
masterbatch with extrusion methods (ME-PS+0.5). In other words, the masterbatch
with extrusion method consists of polymerization of styrene with a high amount of
BNNT loading followed by extrusion. Even if the molecular weight of the composite
lowers in the synthesis part, the mixing of concentrated masterbatch with cPS via
extrusion method compensates the reduction of molecular weight due to narrow
molecular weight distribution of cPS. Hence, the tensile strength of ME-PS+0.5 is

relatively higher than the samples from the other methods.
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Figure 4.21 Tensile strengths of PS-BNNT composites prepared by three different
methods at 0.5 wt% BNNTs loading. (ME-PS+0.5: composite prepared by
masterbatch with extrusion method, ISP-PS+0.5: composite prepared by in-situ

polymerization, E-cPS+0.5: composite prepared by extrusion).

Young’s moduli of PS-BNNT composites prepared by three different methods at 0.5
wt% BNNTs are shown in Figure 4.22. Composite prepared by both in-situ
polymerization (ISP-PS+0.5) and extrusion method (E-cPS+0.5) have relatively
higher elastic modulus than the composite obtained from the masterbatch with
extrusion method (ME-PS+0.5). In masterbatch method, a highly concentrated
composite was first synthesized and mixed with cPS in the extrusion in order to
obtain 0.5 wt% BNNTSs fraction in the composite. On the other hand, the composites
from both in-situ polymerization and extrusion method were prepared in a single
stage. More preparation steps in masterbatch with extrusion method when compared
to the other methods may cause more degradation and eventually lower tensile
modulus value of ME-PS+0.5.
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Figure 4.22 Young’s moduli of PS-BNNT composites prepared by three different
methods at 0.5 wt% BNNTs loading. (ME-PS+0.5: composite prepared by
masterbatch with extrusion method, ISP-PS+0.5: composite prepared by in-situ

polymerization, E-cPS+0.5: composite prepared by extrusion).

Elongation at break values of PS-BNNT composites prepared by masterbatch with
extrusion (ME-PS+0.5), in-situ polymerization (ISP-PS+0.5) and extrusion method
(E-cPS+0.5) are given in Figure 4.23. Percent elongation of PS-BNNT composites
prepared by masterbatch with extrusion method (ME-PS+0.5) is higher than those
obtained from the extrusion method (E-cPS+0.5) and in-situ polymerization (ISP-
PS+0.5). During the preparation of the composite via masterbatch with extrusion,
BNNTSs are dispersed relatively better than the ones in the other methods, and this

may cause an increase in the percent elongation.
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Figure 4.23 Elongation at break of PS-BNNT composites prepared by three different
methods at 0.5 wt% BNNTs loading. (ME-PS+0.5: composite prepared by
masterbatch with extrusion method, ISP-PS+0.5: composite prepared by in-situ

polymerization, E-cPS+0.5: composite prepared by extrusion).

4.3.2.2 Impact Test

Unnotched Charpy impact test method was used to obtain information about
toughness of the material. Impact results of all the composites and neat PS are given

in Appendix E.

In Figure 4.24, impact strengths of commercial PS (cPS), synthesized PS (BULK-
sPS) and extruded PS (E-cPS) are shown, respectively. Impact values of all different
types of polystyrene samples are relatively low due to the brittle nature of

polystyrene [35].
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Figure 4.24 Impact strengths of PS samples. (cPS: commercial PS, BULK-sPS:
Synthesis via bulk polymerization, E-cPS: extruded commercial PS).

Impact strengths of neat PS and PS-BNNT composites prepared by masterbatch with
extrusion method are given in Figure 4.25. The highest impact strength value is
obtained at 0.5 wt% BNNTs (ME-PS+0.5). When the loadings of BNNTs are
increased in the polymer matrix, the impact strengths of the composites decrease due
to the extensive agglomeration of the nanotubes in the polymer matrix [62]. When
the nano-particles form agglomerates or they prefer each other, stress concentrated
regions can form, and this situation leads to a significant loss in impact energy of the

specimen [97].
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Figure 4.25 Impact strengths of PS-BNNT composites prepared by masterbatch with
extrusion method. (BULK-sPS: synthesis via bulk polymerization, E-cPS: Extrusion,
ME-PS: Masterbatch with extrusion).

Impact strength values of PS-BNNT composites prepared by masterbatch with
extrusion, in-situ polymerization and melt blending method are shown in Figure
4.26. The impact strength value of composite prepared by masterbatch with extrusion
(ME-PS+0.5) is significantly higher than the composites prepared by in-situ
polymerization (ISP-PS+0.5) and extrusion (E-cPS+0.5). Use of both masterbatch
and extrusion together provides better dispersion of the nanotubes in PS which
results in improvement in the impact strength. On the other hand, as seen in the SEM
images of the composites prepared by in-situ polymerization (Figure 4.13) and
extrusion (Figure 4.14) methods at 0.5 wt% BNNTs, BNNTSs exist in the form of
agglomerates in the polymer matrix. The agglomeration of BNNTSs lowers the impact
strength of the composites by forming stress concentrated regions even if the
composites are prepared at 0.5 wt% BNNTSs.
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Figure 4.26 Impact strengths of PS-BNNT composites prepared by three different
methods at 0.5 wt% BNNTs loading. (ME-PS+0.5: composite prepared by
masterbatch with extrusion method, ISP-PS+0.5: composite prepared by in-situ

polymerization, E-cPS+0.5: composite prepared by extrusion).

4.3.3 Thermal Analysis

In order to investigate thermal properties of the composites and neat resin,
Differential Scanning Calorimetry (DSC) and Thermal Gravimetric analysis (TGA)
techniques were used to determine the glass transition temperature values and
thermal stability behavior of the samples, respectively.

4.3.3.1 Differential Scanning Calorimetry (DSC)

Glass transition temperatures (Tg4) of neat polystyrene and PS-BNNT composites
were determined from DSC curves. Representative DSC plots of all the samples
specified in Table 3.6 are given in Appendix G. The average glass transition

temperatures which are determined from the 2" runs of the analyses are tabulated in
Table 4.9.
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The glass transition temperatures of PS-BNNT composites and neat PS (ME-PS)
prepared by masterbatch with extrusion method at 0.5 (ME-PS+0.5), 1 (ME-PS+1.0)
and 3 wt% (ME-PS+3.0) BNNTSs decrease remarkably as compared to synthesized
polystyrene (BULK-sPS) prepared through the best synthesis conditions. In other
words, glass transition temperatures are not affected with increasing addition of
BNNTSs. The chain length is one of the important factors to affect the glass transition
temperature. Shorter chain length contributes to chain mobility and decrease the
glass transition [21]. The synthesis of polystyrene via bulk polymerization method
has a broad molecular weight distribution containing lower molecular weight chains
as well. Surprisingly, the glass transition temperature of the composite prepared by
in-situ polymerization method (ISP-PS+0.5) is close to the glass transition of
synthesized PS (BULK-sPS). This result is unexpected regarding the results of the
composites prepared by masterbatch with extrusion and extrusion method. This may
be due to the single step preparation of the samples through in-situ polymerization
method. In other words, when considering the other techniques, more thermal
degradation occurs in the process of masterbatch with extrusion and melt mixing
method as compared to the in-situ polymerization method. Therefore, less
degradation possibility in the polymer matrix does not lead to decrease in the glass
transition temperature of the polymer (BULK-sPS and ISP-PS+0.5).

The glass transition temperature of the composite prepared by extrusion method (E-
cPS+0.5) also decreases with respect to synthesized PS (BULK-sPS). The lower
extent of polymer-filler interaction causes increase in the mobility of chains and

therefore decreases the glass transition temperature of the nanocomposites [98].
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Table 4.9 DSC results of pure PS and the PS-BNNT composites.

Sample Glass Transition Temperature
2" Run (°C)
cPS 86.8
BULK-sPS 1023
E-cPS 378
ME-PS 906
ME-PS + 0.5 90.1
ME-PS + 1.0 90.0
ME-PS + 3.0 88.6
ISP-PS + 0.5 99.7
E-cPS + 0.5 86.9

4.3.3.2 Thermal Gravimetric Analysis (TGA)

Thermal degradation behaviors of polystyrene and PS-BNNT composites were

determined using TGA.

Figure 4.27 represents the TGA plots of all types of neat polystyrene which are
commercial PS (cPS), synthesized PS (BULK-sPS), extruded PS (E-cPS) and the
neat PS (ME-PS) prepared by masterbatch with extrusion method, respectively. In
Figure 4.27, the weight loss of the PS samples are observed in the temperature range
of 266- 438 °C due to chain degradation of PS. On the other hand, weight loss of
BULK-sPS sample starts from temperature of 240 °C and ends at 422 °C. The
absence of potential additives that are available in commercial PS may be the

possible reason for this earlier degradation.
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Figure 4.27 TGA plots of PS samples. (cPS: commercial PS, BULK-sPS: Synthesis
via bulk polymerization, E-cPS: extruded commercial PS, ME-PS: neat PS prepared

through masterbatch with extrusion method).

Figure 4.28 shows the TGA plots of neat PS and PS-BNNT composites prepared by
masterbatch with extrusion method at 0.5 (ME-PS+0.5), 1.0 (ME-PS+1.0) and 3.0
(ME-PS+3.0) wt% BNNTSs. The weight losses of all the composites are observed in
the temperature range of 270-432 °C. It can be said that no significant improvement
in thermal stability is obtained with the addition of BNNTs. Although BNNTSs have
high thermal and chemical stability [8], thermal stability of the composites are not
shifted to much higher temperatures with the BNNT addition when compared to neat
PS.
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Figure 4.28 TGA plots of the composites prepared by masterbatch with extrusion
method at different BNNTSs loading. (ME-PS: composite prepared by masterbatch

with extrusion method).

Figure 4.29 represents the TGA plots of PS-BNNT composites prepared by
masterbatch with extrusion method (ME-PS+0.5), in-situ polymerization (ISP-
PS+0.5) and extrusion (E-cPS+0.5) methods. Thermal stability of ISP-PS+0.5
composite is shifted to higher temperature when compared with ME-PS+0.5 and E-
cPS+0.5 composites. The melt mixing process is the common preparation stage for
both masterbatch with extrusion and also for extrusion method apart from the in-situ
polymerization method containing only the synthesis process. During the extrusion
process, more thermal degradation can occur under high temperature in the barrel
(180 °C) when compared with the synthesis method. Therefore, it is reasonable that
the composite prepared by in-situ polymerization method should show a higher
thermal stability than those of masterbatch with extrusion and extrusion method,
respectively in which polymer is subjected to the high process temperature of the

extrusion process.
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Figure 4.29 TGA plots of the composites prepared by three different methods at 0.5
wt% BNNTs. (ME-PS+0.5: composite prepared by masterbatch with extrusion
method, ISP-PS+0.5: composite prepared by in-situ polymerization, E-cPS+0.5:

composite prepared by extrusion).
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CHAPTER 5

CONCLUSIONS

This study was mainly evaluated under three main parts: synthesis and
characterization of polystyrene obtained using polymerization techniques of solution
(SOL-sPS) and bulk polymerization (BULK-sPS); synthesis, purification and
characterization of BNNTS, and also preparation and characterization of PS-BNNT
composites prepared through melt mixing, in-situ polymerization and masterbatch

with extrusion method. The following conclusions can be drawn from the thesis:

e Polystyrene was successfully synthesized via solution and bulk
polymerization techniques.

e The best synthesis conditions for the polymerization of BULK-sPS were
determined as 3 hrs reaction time, 0.01 mol/L initiator concentration and 95
°C reaction temperature.

e Viscosity average molecular weight, number and weight average molecular
weights and polydispersity index of synthesized PS prepared through bulk
polymerization under the best conditions were determined as 220100, 99500,
273800, and 2.75, respectively.

e MFI value of BULK-sPS was reported as 20.3 g/10min.

e FTIR and molecular weight results and MFI value of BULK-sPS were in
agreement with those of cPS.

e BNNTSs were successfully synthesized by the reaction of ammonia gas with a
powder mixture of boron and iron oxide and purified by the acid treatment to
get rid of reaction impurities.

e The structure of hexagonal boron nitride was proved through the XRD
patterns of purified BNNTSs.
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Surface area of the purified BNNTs was 114.1 m?/g and the purified BNNTs
had broad pore-size distribution.

SEM analysis of BNNTSs revealed agglomerations of the nanotubes.

SEM analyses of PS-BNNT composites prepared by masterbatch with
extrusion method indicated that the homogeneous dispersion of the nanotubes
in the polymer matrix was observed at 0.5 wt% BNNTSs loading.

Tensile test results showed that tensile strengths of the composites prepared
by masterbatch with extrusion method decreased with the addition of BNNTS.
Impact strengths of the composites prepared by masterbatch with extrusion
method also decreased with increasing BNNT loading.

The highest tensile strength, elongation at break and impact strength results
were obtained for the PS-BNNT composite prepared by masterbatch with
extrusion method at 0.5 wt% BNNTs. The homogeneous dispersion of
nanotubes into the polymer matrix was also detected at this composite.

DSC plots showed that the glass transition temperatures of PS synthesized
through bulk polymerization and the composite prepared via in-situ
polymerization had the highest values among the other samples.

Glass transition temperatures of the composites prepared by masterbatch with
extrusion method were remained constant with the addition of BNNTS.
Thermal stability of the composites prepared by masterbatch with extrusion
method was remained unchanged when compared to that of neat polymer
prepared by the combination of masterbatch and extrusion methods.

Thermal stability of PS-BNNT composites prepared by in-situ polymerization
method was shifted to higher temperatures in comparison with PS-BNNT
composites prepared by both masterbatch with extrusion and extrusion
method.

The masterbatch with extrusion method was observed to be the best one in

the composite preparation techniques of this study.
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APPENDIX A

CALCULATION OF VISCOSITY AVERAGE MOLECULAR WEIGHT OF
POLYMER SYNTHESIZED USING SOLUTION POLYMERIZATION
TECHNIQUE

In the viscosity average molecular weight measurement experiments, flow times of
synthesized PS (SOL-sPS) dissolved in toluene were recorded as a function of
concentration. Flow time values are tabulated in Tables A.1-A.5.

Table A.1 Flow times of SOL-sPS synthesized at 1.5 hrs polymerization reaction time

in the presence of solvent.

Concentration Time(s)

(g/dl)

0 1 0.8 0.6 0.4 0.2
Measurements

1 214 258 249 240 231 222

2 211 261 247 239 230 225

3 214 257 249 239 230 225

4 214 258 249 239 230 226

5 214 257 249 240 230 227

Average 2134 | 258.2 | 248.6 239.4 230.2 225
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Table A.2 Flow times of SOL-sPS synthesized at 3 hrs polymerization reaction time
in the presence of solvent.

Concentration Time(s)

(grdl)

0 1 0.8 0.6 0.4 0.2
Measurements

1 214 259 251 244 234 225

2 211 259 251 243 231 227

3 214 260 251 242 232 227

4 214 259 250 242 230 227

5 214 261 251 242 231 227

Average 2134 | 259.6 | 250.8 242.6 231.6 226.6

Table A.3 Flow times of SOL-sPS synthesized at 6 hrs polymerization reaction time

in the presence of solvent.

Concentration Time(s)
(g/dl)
0 1 0.8 0.6 0.4 0.2

Measurements
1 214 264 251 240 231 222
2 211 264 249 240 231 223
3 214 260 250 238 229 221
4 214 259 252 240 229 222
5 214 261 252 246 229 223

Average 2134 | 2614 | 250.8 240.8 229.8 222.2
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Table A.4 Flow times of SOL-sPS synthesized at 9 hrs polymerization reaction time
in the presence of solvent.

Concentration Time(s)

(g/dl)

0 1 0.8 0.6 0.4 0.2
Measurements

1 214 270 259 246 233 223

2 211 269 256 245 234 225

3 214 269 254 244 232 224

4 214 270 255 244 233 224

5) 214 269 256 245 232 223

Average 2134 | 269.4 256 244.8 232.8 223.8

Table A.5 Flow times of PS synthesized at 3 hrs polymerization reaction time in the

absence of solvent.

Concentration Time(s)

(g/dl)

0 1 0.8 0.6 0.4 0.2
Measurements

1 214 389 361 320 284 249

2 211 389 362 322 283 249

3 214 389 363 321 284 249

4 214 390 362 322 283 249

5 214 391 362 321 284 247

Average 213.4 | 389.6 362 321.2 283.6 248.6
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Initially, relative (n,) and specific (nsp) Viscosities are calculated from equations A.1
& A.2 using the average flow time values of polymer solutions.

_ tconc (A_l)
nr B tsolvent
nsp =1— nr (A.Z)

Then, reduced (nreq) and inherent (niny) Viscosities are calculated using equations A3
& A4.

_Nsp A3
nred - C ( )
_ Inn, A4
nlnh C ( )

Calculated viscosities of PS solutions are given in Tables A.6- A.10.
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Table A.6 Calculated viscosities of SOL-sPS synthesized at 1.5 hrs polymerization

reaction time in the presence of solvent.

Concentration
(g/dl) 1 0.8 0.6 0.4 0.2
Viscosities
Nr 1.209 1.164 1.121 1.078 1.054
Nsp 0.209 0.164 0.121 0.078 0.054
Nrea (dI/Q) 0.210 0.204 0.199 - 0.265
Ninn (dl/g) 0.190 0.189 0.188 - 0.258

* Average time values given in Table A.1 are used.
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Table A.7 Calculated viscosities of SOL-sPS synthesized at 3 hrs polymerization

reaction time in the presence of solvent.

Concentration
(g/dl) 1 0.8 0.6 0.4 0.2
Viscosities
Nr 1.216 1.175 1.136 1.085 1.061
Nsp 0.216 0.175 0.136 0.085 0.061
Nrea (dI/Q) 0.216 0.217 0.224 - 0.301
Ninn (dl/g) 0.195 0.200 0.210 - 0.292

* Average time values given in Table A.2 are used.
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Table A.8 Calculated viscosities of SOL-sPS synthesized at 6 hrs polymerization

reaction time in the presence of solvent.

Concentration
(g/dl) 1 0.8 0.6 0.4 0.2
Viscosities
Nr 1.224 1.175 1.128 1.076 1.041
Nsp 0.224 0.175 0.128 0.076 0.041
Nrea (dI/Q) 0.225 0.217 0.210 - 0.200
Ninn (dl/g) 0.202 0.200 0.198 - 0.196

* Average time values given in Table A.3 are used.
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Table A.9 Calculated viscosities of SOL-sPS synthesized at 9 hrs polymerization

reaction time in the presence of solvent.

Concentration
(g/dl) 1 0.8 0.6 0.4 0.2
Viscosities
Nr 1.262 1.199 1.147 1.090 1.048
Nsp 0.262 0.199 0.147 0.090 0.048
Nrea (dI/Q) 0.262 0.247 0.241 - 0.237
Ninn (dl/g) 0.232 0.225 0.225 - 0.232

* Average time values given in Table A.4 are used.
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Table A.10 Calculated viscosities of PS synthesized at 3 hrs polymerization reaction

time in the absence of solvent.

Concentration
(g/dl) 1 0.8 0.6 0.4 0.2
Viscosities
Nr 1.825 1.696 1.505 1.328 1.164
Nsp 0.825 0.696 0.505 0.328 0.164
Nrea (dI/Q) 0.825 - 0.828 0.815 0.804
Ninn (dl/g) 0.601 - 0.670 0.705 0.745

* Average time values given in Table A.5 are used.
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After the calculation of viscosity values, reduced and inherent viscosities of polymer

solutions as a function of concentration are plotted in Figures A.1-A.5.
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Figure A.1 Variation of reduced and inherent viscosities of SOL-sPS synthesized at

1.5 hrs polymerization reaction time in the presence of solvent with respect to
concentration.
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Figure A.2 Variation of reduced and inherent viscosities of SOL-sPS synthesized at

3 hrs polymerization reaction time in the presence of solvent with respect to

concentration.
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Figure A.3 Variation of reduced and inherent viscosities of SOL-sPS synthesized at
6 hrs polymerization reaction time in the presence of solvent with respect to

concentration.
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Figure A.4 Variation of reduced and inherent viscosities of SOL-sPS synthesized at

9 hrs polymerization reaction time in the presence of solvent with respect to
concentration.
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Figure A.5 Variation of PS synthesized at 3 hrs polymerization reaction time in the
absence of solvent with respect to concentration.
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Linear relations drawn for both 1 and ninn Were extrapolated to zero concentration
in order to find intrinsic viscosity. Viscosity average molecular weight of synthesized
PS were determined using Mark-Houwink-Sakurada equation (given in section
2.8.2.1). K and a values of Mark-Houwink-Sakurada equation were taken as 120000
and 0.71, respectively for polystyrene-toluene system at 30 °C [99].
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APPENDIX B

CALCULATION OF VISCOSITY AVERAGE MOLECULAR WEIGHT OF
POLYMER SYNTHESIZED USING BULK POLYMERIZATION
TECHNIQUES

Flow time values of synthesized PS (BULK-sPS) dissolved in toluene with respect to

concentration, and commercial PS (cPS) are tabulated in Tables B.1-B.4.

Table B.1 Flow times of BULK-sPS synthesized at a polymerization reaction time of
1.5 hrs.

Concentration Time(s)
(g/dl)
0 1 0.8 0.4 0.2
Measurements
1 214 348 321 263 239
2 214 351 320 263 239
3 213 349 321 264 238
4 213 352 320 263 238
5 213 352 318 262 238
Average 213.4 350.4 320 263 238.4
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Table B.2 Flow times of BULK-sPS synthesized at a polymerization reaction time of

3 hrs.
Concentration Time(s)
(g/dl)
0 1 0.8 0.4 0.2
Measurements
1 214 386 341 273 242
2 214 387 346 273 243
3 213 386 342 277 243
4 213 390 345 277 243
5 213 389 344 274 240
Average 213.4 387.6 343.6 274.8 242.2

Table B.3 Flow times of BULK-sPS synthesized at a polymerization reaction time of

6 hrs.
Concentration Time(s)
(g/dl)
0 1 0.8 0.4 0.2
Measurements
1 214 386 326 265 240
2 214 364 341 267 240
3 213 377 329 268 242
4 213 388 340 266 241
5 213 367 338 278 241
Average 213.4 376.4 334.8 268.8 240.8
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Table B.4 Flow times of cPS.

Concentration Time(s)
(g/d)
0 1 0.8 0.4 0.2
Measurements
1 214 410 354 276 243
2 214 407 353 274 243
3 213 411 355 278 243
4 213 411 357 276 243
5 213 422 357 278 243
Average 213.4 412.2 355.2 276.4 243

Same calculation procedure given in Appendix A was applied in order to calculate
relative (1) and specific (nsp) viscosities of solutions. Then, reduced (nreq) and inherent
(minn) Viscosities were determined. Calculated viscosities of solutions are given in
Tables B.5-B.8.
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Table B.5 Calculated viscosities of BULK-sPS synthesized at a polymerization

reaction time of 1.5 hrs.

Concentration
(g/dI) 1 0.8 0.4 0.2
Viscosities
Nr 1.641 1.499 1.232 1.117
Nsp 0.641 0.499 0.232 0.117
Nrea (dI/Q) 0.641 0.624 0.575 0.585
Ninh (d1/Q) 0.495 0.506 0.517 0.553

* Average time values given in Table B.1 are used.

Table B.6 Calculated viscosities of BULK-SPS synthesized at a polymerization

reaction time of 3 hrs.

Conc((;?ctlllr)ation 1 0.8 0.4 0.2
Viscosities
Nr 1.816 1.610 1.287 1.134
Nsp 0.816 0.610 0.287 0.134
Nrea (d/Q) 0.815 0.756 0.712 0.658
Ninn (dI/g) 0.596 0.590 0.626 0.617

* Average time values given in Table B.2 are used.
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Table B.7 Calculated viscosities of BULK-sPS synthesized at a polymerization

reaction time of 6 hrs.

CO”‘E‘;;';:;MO” 1 0.8 0.4 0.2
Viscosities
Nr 1.763 1.568 1.259 1.128
Nsp 0.763 0.568 0.259 0.128
Nrea (d/g) 0.763 0.711 0.644 0.641
Minh (d1/Q) 0.567 0.562 0.572 0.603
* Average time values given in Table B.3 are used.
Table B.8 Calculated viscosities of cPS.
Concentration
(g/dl) 1 0.8 0.4 0.2
Viscosities
Nr 1.931 1.664 1.295 1.138
Nsp 0.931 0.664 0.295 0.138
Nrea (d/Q) 0.930 0.822 0.732 0.676
Ninn (dI/g) 0.657 0.631 0.641 0.633

* Average time values given in Table B.4 are used.
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Reduced and inherent viscosity values of polymer solutions as a function of
concentration is plotted in Figures B.1-B.4.

08

Viea=0.079x + 0.558

! R?=087
06 s
L-\.\.

Vi =-0.064x + 0.557

TG
2047 RI=0285
o 02 | # Reduced Viscosity
M Inherent Viscosity
0 1 L L L I 1 1 L L I L L L 1 I 1 L L L I 1 1 L 1 I L L L L
00 02 04 06 08 1.0 12

Concentration (g/dl)

Figure B.1 Variation of reduced and inherent viscosities of BULK-sPS synthesized

at a reaction time of 1.5 hrs with respect to concentration.
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Figure B.2 Variation of reduced and inherent viscosities of BULK-sPS synthesized

at a reaction time of 3 hrs with respect to concentration.
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Figure B.3 Variation of reduced and inherent viscosities of BULK-sPS synthesized

at reaction time of 6 hrs with respect to concentration.
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Figure B.4 Variation of cPS with respect to concentration.
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Same procedure given in Appendix A was used in order to calculate intrinsic
viscosity and then viscosity average molecular weight of BULK-sPS synthesized at
different polymerization reaction time and cPS.

Flow times of synthesized PS (BULK-sPS) dissolved in toluene with respect to
concentration are tabulated in Tables B.9-B.11.

Table B.9 Flow times of BULK-sPS synthesized using 0.03 mol/L initiator

concentration.

Concentration Time(s)
(g/dl)
0 1 0.8 0.4 0.2
Measurements
1 214 407 358 277 243
2 214 411 358 276 242
3 213 421 371 277 243
4 213 420 368 276 242
5 213 419 357 279 247
Average 213.4 415.6 362.4 277 243.4
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Table B.10 Flow times of BULK-sPS synthesized using 0.02 mol/L initiator

concentration.

Concentration Time(s)
(g/dl)
0 1 0.8 0.4 0.2
Measurements
1 214 425 375 279 245
2 214 428 384 278 244
3 213 417 373 278 244
4 213 437 386 279 243
) 213 427 386 279 244
Average 213.4 426.8 380.8 278.6 244

Table B.11 Flow times of BULK-sPS synthesized using 0.01 mol/L initiator

concentration.

Concentration Time(s)
(g/dl)
0 1 0.8 0.4 0.2
Measurements

1 214 428 381 289 247
2 214 428 385 289 247
3 213 429 396 293 247
4 213 429 385 292 247
5 213 429 393 291 247
Average 213.4 428.6 388 290.8 247

Calculated viscosities are tabulated in Tables B.12-B.14.
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Table B.12 Calculated viscosities of BULK-sPS synthesized using 0.03 mol/L

initiator concentration.

CO”‘E‘;;‘;:;MO” 1 0.8 0.4 0.2
Viscosities
Nr 1.947 1.698 1.298 1.140
Nsp 0.947 0.698 0.298 0.140
Nrea (d1/Q) 0.946 0.866 0.738 0.686
Ninn (d1/9) 0.665 0.657 0.646 0.641

* Average time values given in Table B.9 are used.

Table B.13 Calculated viscosities of BULK-sPS synthesized using 0.02 mol/L

initiator concentration.

Conc((;?ctlllr)ation 1 0.8 0.4 0.2
Viscosities
Nr 2 1.784 1.305 1.143
Nsp 1 0.784 0.305 0.143
Nrea (d/Q) 1 0.973 0.758 0.699
Ninn (dI/g) 0.693 0.718 0.661 0.653

* Average time values given in Table B.10 are used.
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Table B.14 Calculated viscosities of BULK-sPS synthesized using 0.01 mol/L

initiator concentration.

CO”C(Z;';)&tiO” 1 0.8 0.4 0.2
Viscosities
" 2008 | 1818 1362 1157
e 1008 | 0818 0.362 0.157
Tirea (d1/g) 1007 | 1013 0.899 0.768
i (d17g) 0.696 | 0.740 0.767 0.713

* Average time values given in Table B.11 are used.

Reduced and inherent viscosity of polymer solutions is plotted in Figures B.5-B.7.
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Figure B.5 Variation of reduced and inherent viscosities of BULK-sPS synthesized
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using 0.02 mol/L initiator concentration with respect to concentration.
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Figure B.7 Variation of reduced and inherent viscosities of BULK-sPS synthesized

using 0.01 mol/L initiator concentration with respect to concentration.

Intrinsic viscosity and then viscosity average molecular weight of BULK-sPS
synthesized using different AIBN concentrations were calculated with the help of

Figures B.5-B.7 and Mark-Houwink-Sakurada equation.
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APPENDIX C

MOLECULAR WEIGHT DISTRIBUTION CURVES

Molecular weight distribution curves of BULK-sPS synthesized using different
initiator concentrations and cPS are given in Figures C.1 - C.4.
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Figure C.1 Molecular weight distribution of BULK-sPS synthesized using an

initiator concentration of 0.03 mol/L.
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Figure C.2 Molecular weight distribution of BULK-sPS synthesized using an

initiator concentration of 0.02 mol/L.
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Figure C.3 Molecular weight distribution of BULK-sPS synthesized using an

initiator concentration of 0.01 mol/L.
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Figure C.4 Molecular weight distribution of cPS.
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APPENDIX D

FTIR SPECTRA AND XRD RESULTS

FTIR spectra of polystyrene samples synthesized using the two different
polymerization techniques are shown in Figures D.1-D.4 and FTIR spectrum of
styrene monomer is given in Figure D.5.
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Figure D.1 FTIR spectra of SOL-sPS synthesized at different polymerization
reaction times and temperature of 95 °C.
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Figure D.2 FTIR spectra of SOL-sPS synthesized with and without solvent at 3 hrs
polymerization reaction time and temperature of 95 °C.
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Figure D.3 FTIR spectra of BULK-sPS synthesized at different polymerization
reaction times.
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Figure D.4 FTIR spectra of BULK-sPS synthesized at different initiator (AIBN)
concentrations.
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Figure D.5 FTIR spectrum of styrene monomer.
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Figures D.6-D.9 represent XRD patterns of PS samples.
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Figure D.6 XRD patterns of SOL-sPS synthesized at different polymerization

reaction time and at temperature of 95 °C.
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Figure D.7 XRD patterns of SOL-sPS synthesized with and without solvent at 3 hrs

polymerization reaction time and at temperature of 95 °C.
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Figure D.8 XRD patterns of BULK-sPS synthesized at different polymerization
reaction times.
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Figure D.9 XRD patterns of BULK-sPS synthesized at different initiator (AIBN)

concentrations.
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APPENDIX E

TENSILE AND IMPACT TEST RESULTS

Tables E.1 and E.2 show the tensile and impact test results of neat PS and PS-BNNT
composites prepared in this study.

Table E.1 Tensile test results of neat PS and PS-BNNT composites.

Property Tensile Young’s Elongation
Strength Modulus at Break
sample (MPa) (MPa) (%)

cPS 456 £ 1.7 1319+ 130.4 54+03
BULK-sPS 22.7+ 2.9 1944 + 85.6 20+0.3
E-cPS 30.7+ 4.4 1806 + 108.7 3.8+0.7
ME-PS 40.0+ 4.2 1530 + 182.0 4.4 +0.7
ME-PS + 0.5 45.4+ 3.6 1318 + 261.2 54+0.8
ME-PS + 1.0 374+ 4.3 1805 + 176.5 3.7+05
ME-PS + 3.0 36.5+ 5.1 1451 + 149.8 3.9+0.7
ISP-PS + 0.5 325+ 4.7 1803 + 117.0 31+04
E-cPS + 0.5 33.2+ 3.9 1674 +£ 92.1 3.6+06
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Table E.2 Impact strength values of neat PS and PS-BNNT composites.

Property Impact Strength
Sample (kd/im?)
cPS 6.7+ 0.5
BULK-sPS 6.5+0.2
E-cPS 108 £ 0.7
ME-PS 7.4+05
ME-PS + 0.5 102+ 1.0
ME-PS + 1.0 6.8 +0.2
ME-PS + 3.0 3.8+1.0
ISP-PS + 0.5 44409
E-cPS +0.5 6.5+ 0.2

166



APPENDIX F

REPRESENTATIVE STRESS-STRAIN CURVES

Representative stress-strain curves of neat PS and PS-BNNT composites are shown
in Figures F.1 - F.9.
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Figure F.1 Representative stress-strain curve for cPS.
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Figure F.2 Representative stress-strain curve for BULK-sPS.
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Figure F.3 Representative stress-strain curve for E-cPS.
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Figure F.4 Representative stress-strain curve for ME-PS.
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Figure F.5 Representative stress-strain curve for ME-PS+0.5.
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Figure F.6 Representative stress-strain curve for ME-PS+1.0.
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Figure F.7 Representative stress-strain curve for ME-PS+3.0.
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Figure F.8 Representative stress-strain curve for ISP-PS+0.5.
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Figure F.9 Representative stress-strain curve for E-cPS+0.5.
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APPENDIX G

DIFFERENTIAL SCANNING CALORIMETRY RESULTS

DSC thermogram of neat PS and PS-BNNT composites are shown in Figures G.1-
G.9.
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Figure G.1 DSC thermogram of cPS.
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Figure G.3 DSC thermogram of E-cPS.
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Figure G.4 DSC thermogram of ME-PS.
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Figure G.5 DSC thermogram of ME-PS+0.5.
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Figure G.7 DSC thermogram of ME-PS+3.0.
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Figure G.9 DSC thermogram of E-cPS+0.5.
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